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Preface 


Digital Fundamentals is a text that provides not only a thorough coverage of the 
principles and applications necessary to understand the complex and diverse 
world of digital electronics, but also the foundation upon which to build and 
develop skills in this exciting field. All of the features in the second edition have 
been retained and enhanced in this third edition. Based on the comments and 
suggestions made by instructors in surveys and extensive reviews, additional 
coverage has been incorporated. 
The new features in this edition are 
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Chapter objectives. 

Reviews after each section with answers at the end of the chapter. 
Chapter summaries. 

Self-tests at the end of each chapter with solutions at the end of the 
book. 

Increased emphasis on applications. 

Improved and expanded troubleshooting coverage. 

Introduction to ANSI/IEEE Std. 91-1984 logic symbols with depen- 
dency notation. 

More emphasis on specific devices. 

Improved coverage of flip-flops. 

Introduction to sequential circuit design (state machines). 

Counters and registers covered in two chapters. 

Improved coverage of memories. 

Improved coverage of interfacing and daia transmission including a 
treatment of modems. 
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14. А concise introduction to both the 6800 and the 8085A micro- 
processors. 
15. Availability of two laboratory manuals and transparencies. 


Content and Organization 


This text provides a thorough introduction to digital concepts and micro- 
processor-related topics for students in electronics or computer technology pro- 
grams as well as those in computer science or other nonelectronic courses of 
study. Because little or no background in electronics is required, this book can be 
used, if necessary, very early in a program. For those few areas where a previous 
knowledge of electronics is helpful, the text has been carefully designed to permit 
a light treatment or complete omission without affecting the flow of material. 

A chapter-like coverage of digital integrated-circuit technology containing 
an introduction to specific “‘inside-the-chip”’ circuitry has been placed in Appen- 
dix A. This section provides teaching flexibility and makes the detailed coverage 
of component-level circuitry optional. Those who wish to include it may insert it 
at an appropriate point in the chapter sequence. 

The ANSI/IEEE Std. 91-1984 logic symbols with dependency notation are 
introduced gradually and conservatively at appropriate points while the use of the 
more traditional symbols is retained throughout. It is necessary for the student to 
become familiar with the new symbols because U.S. military contracts now 
require this notation, and much of the electronics industry has adopted this 
standard and incorporated it in their documentation. However, because the new 
symbols and notation represent a significant departure from many of the tradi- 
tional logic symbols and because the more traditional symbols will be in use for 
some time in existing documentation, a gradual and limited introduction is appro- 
priate at this time. 

The following is a chapter-by-chapter capsulized version of the major fea- 


tures and changes in this edition. 
Chapter | now includes a discussion of duty cycle and an introduction to the 


oscilloscope. Chapter 2, **Number Systems and Codes," has been modified only 
slightly in order to strengthen a few areas. The Gray code is now introduced in this 
chapter. Chapter 3 now includes an introduction to the ANSI/IEEE alternative 
logic symbols for gates, although the distinctive-shape gate symbols (also 
ANSI/IEEE approved) continue to be used. A strengthened coverage of IC logic 
families, data sheet interpretation, and an introduction to the application of 
oscilloscopes in troubleshooting is also presented. In Chapter 4, the coverage of 
DeMorgan's theorems has been strengthened and the section on Karnaugh maps 
has been totally revised and improved. The coverage of combinational logic in 
Chapter 5 has been strengthened in several areas, particularly by the use of truth 
tables in the analysis of combinational logic circuits. New or completely revised 
areas of combinational logic functions in Chapter 6 include LCDs, data selec- 
tors/multiplexers, logic function generators, parity checkers/generators, trou- 
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bleshooting, and applications. Chapter 7 has been partially revised to achieve a 
clearer and more complete coverage of latches and flip-flops. The coverage of flip- 
flops now includes edge-triggered, pulse-triggered (master-slave), and data lock- 
out categories with more emphasis placed on D and JK flip-flops. Flip-flop 
symbols with dependency notation are introduced, and there is a stronger empha- 
sis on specific devices. Sections on applications and troubleshooting are totally 
new. Chapter 8 is completely devoted to counters. An entire section covers the 
design of sequential circuits using state diagrams and Karnaugh maps. In addition, 
counter applications are greatly expanded. Because there is a significant depar- 
ture from traditional logic symbols in the area of counters (among other areas), a 
section is devoted to the dependency notation and symbology recommended in 
the ANSI/IEEE Std. 91-1984. Chapter 9 is completely devoted to the coverage of 
registers. There is a complete section covering shift register applications including 
time delay, serial-to-parallel conversion, and a keyboard encoder. The material on 
troubleshooting includes an introduction to signature analysis, and more material 
on dependency notation is presented. Chapter 10, ‘‘Memories,’’ has been com- 
pletely revised to reflect more current technology and to provide a more in-depth 
understanding of memories and their applications. Emphasis is placed on specific 
devices as well as general concepts. Memory cycle timing is treated in detail, and 
the coverage of MBMs, PLAs, and CCDs has been expanded. The application of a 
logic analyzer in troubleshooting a specific memory problem is used as an intro- 
duction to system troubleshooting. Chapter 11 on interfacing and data transmis- 
sion has been significantly revised to include TTL and CMOS logic family 
interfacing, the use of open-collector logic, three-state interfacing with buses 
including the GPIB, and A/D and D/A conversion, An entire section is also 
devoted to modems. Chapter 12 combines signed arithmetic processes, including 
coverage of a specific ALU device, with a brief introduction to both the 6800 and 
the 8085A microprocessors. 


Suggestions for Use 


Ina two-term course sequence, this text may be easily divided into combinational 
circuits (Chapters 1-6) and sequential circuits (Chapters 7-12). 

For the programs which need to cover this material in one term, the follow- 
ing topics are suggested for possible deletion, depending on program emphasis. 


1. Full chapters which may be considered for deletion: 
Chapter 1 (Introduction) 
Chapter 10 (Memories) 
Chapter 11 (Interfacing and Data Transmission) 


Chapter 12 (Arithmetic Processes with an Introduction to Micropro- 


cessors) 
2. Sections within other chapters which may be considered for deletion: 
2-10 (Digital Codes) 


3-10, 3-11 (L.C. Logic Families and Data Sheet Interpretation) 
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4-6, 4-7 (Boolean Simplification and Karnaugh Maps) 


5-2 (Designing Combinational Circuits) 
6-3 (Speeding Addition) 

7-4 (Data Lock-Out Flip-Flops) 

8-4 (Design of Sequential Circuits) 


8-8, 9-10 (Dependency Notation) 


The numerous illustrations, boxed examples, and other pedagogical fea- 
tures, as well as the student-oriented writing style, make this text easier to 
complete than the number of pages might suggest. With careful planning, use in а 
one-term course is quite feasible. 
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‘tronic digital computer called ENIAC, which was 
implemented with vacuum-tube circuits. The con- 
tof the digital computer can be traced to 
Charles Babbage, who developed a mechanical 
- computation device in the 1830s. The first digital 
computer was built in 1944 at Harvard Univer- 
sity, but it was electromechanical, not electronic. 
The term digital is derived from the way in 
which computers perform operations by counting 
` digits. For years, applications of digital elec- 
tronics were confined to computer systems. 
Today, digital techniques are applied in many di- 
| verse areas, such as telephony, data processing, 
radar, navigation, military systems, medical in- 
` struments, process control, and consumer 
` products. Digital technology has progressed from 
vacuum-tube circuits to integrated circuits and 
microprocessors. 

Digital electronics involves circuits and sys- 
tems in which there are only two possible states 
that are typically represented by voltage levels. 
Other circuit conditions, such as current levels, 
open or closed switches, and on or off lamps, can 

~ also represent the two states. In digital systems, 
ће two states are used to represent numbers, 
-= symbols, alphabetic characters, and other types 
of information. In the two-state number system, 
` "called binary, the two digits are 0 and 1. These 
, binary digits are called bits. 


1 electronics began in 1946 with an elec- =} 
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“In this chapter, you will learn 


‘CG The meaning of positive and negative logic. 


The characteristics of digital waveforms. 

The principles of the basic logic elements: 
NOT, AND, and OR. 

The basic concepts of several logic functions, 
such as arithmetic, comparison, encoding, de- 
coding, multiplexing, demultiplexing, 
counting, and data storage. 

What digital integrated circuits are and how 
they are classified in terms of their com- 
plexity. 

The definition of microprocessor and the 
basic components of a microcomputer. 

How to recognize several types of testing and 
troubleshooting instruments, including the os- 


cilloscope. 
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2 INTRODUCTION 


1-1 LOGIC LEVELS AND PULSE WAVEFORMS 


In digital systems two voltage levels represent the two binary digits, | and 0. If the 
higher of the two voltages represents a | and the lower voltage represents а 0, the 
system is called a positive logic system. On the other hand, if the lower voltage 
represents а | and the higher voltage represents a 0, we have a negative logic 
system. To illustrate, suppose that we have +5 V and 0 V as our logic-level 
voltages. We will designate the +5 V as the HIGH level and the 0 V as the LOW 
level, so positive and negative logic can be defined as 


Positive logic Negative logic 
HIGH = I HIGH = 0 
LOW = 0 LOW = i 


Both positive and negative logic are used in digital systems, but positive logic is 
the more common. For this reason we will use only positive logic in this text. 

Pulses are very important in the operation of digital circuits and systems 
because voltage levels are normally changing back and forth between the HIGH 
and LOW states. Figure 1-1(a) shows that a single positive pulse is generated 
When the voltage (or current) goes from its normally LOW level to its HIGH level 
and then back to its LOW level. The negative pulse in Figure 1-1(b) is generated 
when the voltage goes from its normally HIGH level to its LOW level and back to 
its HIGH level. 


ии 


HIGH =--, HIGH 
Leading edge Leading edge Trailing edge 
Trailing edge 
Low LOW --- 
(a) Positive pulse (b) Negative pulse 


FIGURE 1-1 Ideal pulses, 


As indicated in Figure 1-1. the pulse has two edges: a leading edge and a 
trailing edge. For a positive pulse, the leading edge is a positive-going transition 
(rising edge), and the trailing edge is a negative-going transition (falling edge). 
The pulses in Figure 1-1 are ideal because the rising and falling edges change in 
zero time (instantaneously). Actually, these transitions never occur instanta- 
neously, although for most digital work we can assume ideal pulses. Figure 1-2 
shows а nonideal pulse. The time required for the pulse to go from its LOW level 
to its HIGH level is called the rise time (1), and the time required for the transition 
from the HIGH level to the LOW level is called the fall time (t,). In actual practice 
it is common to measure rise time from 10% of the pulse amplitude to 90% of the 
pulse amplitude, and to measure the fall time from 90% to 10% of the pulse 
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amplitude, This is due to nonlinearities that commonly occur near the bottom and 
the top of the pulse, as indicated in Figure 1-2. 


| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
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олу, ý | 
Base line =t- | + | 
| | Pulse width | 
| | | 
L4 Rise timc m Fall time 


FIGURE 1-2 Nonideal pulse characteristics. 


The pulse width (ty) is a measure of the duration of the pulse and is often 
defined as the time between the 5096 points on the rising and falling edges, as 
indicated in Figure 1-2. This definition is used throughout this text. 

Most waveforms encountered in digital systems are composed of series of 
pulses and can be classified as either periodic or nonperiodic. A periodic pulse 
waveform is one that repeats itself at a fixed interval called the period (T). The 
frequency is the rate at which it repeats itself and is measured in pulses per second 
(pps) or Hertz (Hz). A nonperiodic pulse waveform, of course, does not repeat 
itself at fixed intervals and may be composed of pulses of differing pulse widths 
and/or differing time intervals between the pulses. An example of each type is 
shown in Figure 1-3. 
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Period = Ty "Tj = Ту = 74 = Ts; =... "Tq Frequency = } 
(a) Periodic (square wave) 
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(b) Nonperiodic 
FIGURE 1-3 Examples of pulse waveforms. 
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The frequency (f) of a pulse waveform (sometimes called the pulse repeti- 
tion rate, PRR) is the reciprocal of the period. The relationship between frequency 
and period is expressed as follows: 


(1-1) 


f (1-2) 


An important characteristic of a periodic pulse waveform is its duty cycle. 
The duty cycle is defined as the ratio of the pulse width (ty) to the period (T) 
expressed as a percentage. 


Duty cycle = (=) 100% (1-3) 


A portion of a periodic pulse waveform is shown іп Figure 1-4. Determine the 
duty cycle. 


FIGURE 1-4 


Solution 


1. The rise time of a certain pulse is 5 us. If the amplitude of the pulse is 5 V and 
its base line is 0 V, determine the actual change in voltage during the rise-time 
interval using the definition of rise time. 


2. Acertain periodic pulse waveform has a pulse width of 15 ps and a frequency 


of 16.67 kHz. Find the duty cycle. 
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ELEMENTS OF DIGITAL LOGIC 


In its basic form, logic is the realm of human reasoning that tells us a certain 
proposition (declarative statement) is true if certain conditions or premises are 
true. “The light is оп” is an example of a proposition that can be only true or 
false. “The bulb is not burned out” and ‘“Тће switch is оп” are other examples of 
propositions that can be classified as true or false. 

Several propositions, when combined, form propositional or logic functions. 
For example, the propositional statement **The light is on” will be true if “The 
bulb is not burned ош” and if "The switch is оп.’ Therefore, this logical state- 
ment can be made: 


The light is on if and only if the bulb is not burned out and the switch is on. 


In this example the first statement is true only if the last two statements are 
true. The first statement (“The light is on") is then the basic proposition, and the 
other two statements are the conditions or premises upon which the proposition 
depends. 

Many situations, problems, and processes tliat we encounter in our daily 
lives can be expressed in the form of propositional or logic functions. Since these 
functions are true/false or yes/no statements, digital circuits with their two-state 
characteristics are extremely applicable. 

A mathematical system for formulating logical · atements with symbols, so 
that problems can be written and solved in a manner similar to ordinary algebra, 
was developed by the Irish logician and mathematician George Boole in the 1850s. 
Boolean algebra, as it is known today, finds application in the design and analysis 
of digital systems and will be covered in Chapter 4. 

The term logic is applied to digital circuits used to implement logical func- 
tions. Several digital circuits are the basic elements forming the building blocks 
for complex digital systems such as the computer. We will now look at these 
elements and discuss their functions in a very general way. Later chapters will 
cover these circuits in full detail. 

The first basic logic element is the NOT circuit. The primary function of this 
circuit is to produce one logic level from the opposite logic level. If a HIGH level 
is applied to the input of the NOT circuit, a LOW level appears on the output. Ifa 
LOW level is applied to the input, a HIGH level appears on the output. This 
circuit is commonly called an inverter. 

The second basic logic element is the AND gate. The primary function of 
this circuit is to produce a true condition on its output if and only if all of its input 
conditions are true. For instance, let us assume that a HIGH level represents a 
true condition and that a LOW level represents a not-true (false) condition, Let us 
also use the example statement “The light is оп” as our logic function. The AND 
gate can be used to tell us if this statement is true or false by applying the 
conditional functions “The switch is оп’ and “The bulb is not burned out" to the 
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gate inputs. If both of these conditional statements are true, then both inputs to 
the AND gate are HIGH, and, as a result, the output is also HIGH. If either 
condition is false, as represented by a LOW, then the output is LOW. In other 
words, the AND gate "'tells" us that the light is on if and only if the switch is on 
AND the bulb is not burned out. 

The third basic logic element is the OR gate. The primary function of this 
circuit is to produce a true indication on its output when one or more of its input 
conditions are true. Again, let us assume that a HIGH level represents a true 
condition and that a LOW level represents a false condition. Let us take as an 
example a door that is controlled from a remote transmitter or from a wall switch. 
A HIGH level is required to energize the motor in order to open the door. Our 
propositional statement for this example is “Тһе door opens,” and the conditional 
statements are ‘“The transmitter is on’’ and “Тһе wall switch is on.” The OR gate 
can be used to “‘tell’’ us when the propositional statement is true or when it is false 
by applying the conditional functions to its inputs. If either one or both of these 
conditional statements are true, then the output of the OR gate will be HIGH. If 
neither conditional statement is true, the output of the gate is LOW. For this 
example, the OR gate *'tells" us that the door opens if the transmitter is on, OR 
the wall switch is on, OR both are on. The gate output can be used to open the 
door by properly energizing the activating motor. 

The fourth basic logic element, which belongs to a class of circuits called 
multivibrators, is the bistable multivibrator, or flip-flop. The primary function of 
this circuit is to store or **memorize" a binary digit for an indefinite period of 
time. This device is distinguished from those previously discussed by its ability to 
retain either logic level after input conditions have been removed. Actually, the 
flip-flop can be constructed from combinations of basic gates, but it is treated as a 
distinct logic element because of its importance in digital systems. 

The basic elements—the inverter, gates, and flip-flop—are used to con- 
struct more complex logic circuits such as counters, registers, decoders, and 
memories. These more complex logic functions are then combined to form com- 
plete digital systems designed to perform specified tasks. 
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SECTION 1. List four basic logic elements. 
REVIEW 2. A logic gate has HIGHs on both of its two inputs, and its output is HIGH. 
1-2 What type of gate is it? 

(a) AND gate (b) OR gate (с) Either AND or OR gate 


1-3 . FUNCTIONS OF DIGITAL LOGIC 
Ж_ _ _ _ ———.——-—-—-—-—-—-—-—-—-—-—-—-—-_=—-———-—-—-—-—-—————- 


The inverter, the basic gates, and the flip-flop combine to form more complex 
logic circuits that perform many operations. Some of the more common logic 
functions are comparison, arithmetic operations, decoding, encoding, code con- 
version, counting, memory, and multiplexing. We will see what these functions 
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mean in terms of their ‘‘block’’ operations; many are already quite familiar to you 
because they are common functions. 


Comparison 


The comparison function is performed by a logic circuit called a comparator. Its 
function is to compare two quantities and to indicate if they are equal or not equal. 
For example, suppose we have two numbers and we wish to know if they are 
equal or not equal, and, if unequal, which is greater. Figure 1-5 is a block diagram 


LOW 
LOW > Outputs 
HIGH 


HIGH level indicates 
that P is less than O 
(2 < 5). 


FIGURE 1-5 The comparator. 


of a comparator. One number is applied to input P, and the other to input О. The 
outputs indicate the relation of the two numbers by producing a HIGH level on the 
proper output line. Suppose that a binary representation of the number 2 is applied 
to input P, and a binary representation of the number 5 is applied to input О. (We 
will discuss the representation of numbers and symbols in detail later.) A HIGH 
level will appear on the “Р < Q” output, indicating the relationship between the 
two numbers (2 is less than 5). The wide arrows represent a group of parallel lines. 


Arithmetic Operations 


The addition function is performed by a logic circuit called an adder. Its function 
is to add two numbers with an input carry (CI) and generate a sum (X) and an 
output carry (CO). The block diagram in Figure 1-6 indicates the addition of the 


FIGURE 1-6 The adder. 
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digit 3 and the digit 9. We all know that the sum is 12, and the adder indicates this 
result by producing the digit 2 on the sum output and the digit 1 on the carry 
output. Note that we assume the input carry in this example to be 0. In later 
chapters you will learn how numbers can be represented by the logic levels of a 
digital circuit. 

Subtraction is the second arithmetic function that can be performed by 
digital logic circuits. A subtractor requires three inputs: the two numbers to be 
subtracted and an input borrow. The two outputs are the difference and the output 
borrow. When, for instance, 5 is subtracted from 8 with no input borrow, the 
difference is 3 with no output borrow. We will see later how subtraction can 
actually be performed by an adder, because subtraction is simply a special case of 
addition. 

The third arithmetic operation that can be performed by logic circuits is 
multiplication. Since numbers are always multiplied two at a time, two inputs are 
required. The output of the multiplier is the product. Since multiplication is simply 
a series of additions with shifts in the positions of the partial products, it can be 
performed using an adder. 

Division, the fourth type of arithmetic operation, is a series of subtractions, 
comparisons, and shifts, and thus it can also be performed using an adder. Two 
inputs to the divider are required, and the outputs generated are called the 
quotient and the remainder. 


Encoding 


The encoder converts information, such as a decimal number or an alphabetic 
character, into some coded form. For example, a certain type of encoder converts 
each of the decimal digits, 0 through 9, to a binary code as shown in Figure 1-7. A 
HIGH level on a given input corresponding to a specific decimal digit produces 
the proper four-bit code on the output lines. 


Decimal | HIGH} 
digit 
inputs 


Fe 0100 


FIGURE 1-7 Example of an encoder. 
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Decoding 


The decoder converts coded information, such as binary, into a recognizable 
form, such as decimal. For example, a particular type of decoder converts a four- 
bit binary code into the appropriate decimal digit, as illustrated in Figure 1-8. 


Binary Decimal 
coded digit 
input outputs 


0011 3 


FIGURE 1-8 Example of a decoder. 


Counting 


The counting operation is very important in digital systems. There are many types 
of digital counters, but their basic function is to count events represented by 
changing levels or pulses or to generate a particular sequence of numbers. In order 
to count, the counter must “‘remember’’ the present number so that it can go to 
the next proper number in sequence. Therefore, storage or memory-capability is 
an important characteristic of all counters, and flip-flops are generally used to 


po 2199504, Coded output 
} indicates number of 
Input pulses input pulses. 
(a) Counter-used to count number of pulses coming in 
Sune Ж рр LEN eb E oe 
Input waveform Output waveform 


with frequency — fin with frequency = =" 
n 
(b) Counter used to divide an input frequency by a factor n 


FIGURE 1-9 Two examples of counter applications. 
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implement these devices. Another important counter application is frequency 
division. Figure 1-9 illustrates two simple counter applications. 


Registers 


Registers are digital circuits used for the temporary storage and shifting of 
information. For instance, a number in binary form can be stored in a register, and 
then its position within the register can be changed by shifting it one way or the 
other. Figure 1-10 illustrates a simple form of register operation. Flip-flops are 
common storage elements used in registers. 


Input bits Register with 3 storage elements 


321 Before input bits are loaded, 
Initially or of of о] register contains all Os. 


First bit is loaded into 


Step 1 10 first stage. 


First bit is shifted to second 
stage. Second bit is loaded 
into first stage. 


First bit is shifted to third stage. 
Second bit is shifted to second stage. 
Third. bit is loaded into first stage. 
Register now contains the 

three-bit number. 


Step 3 


FIGURE 1-10 Example of a simple shift register operation. 


Multiplexing and Demultiplexing 


Multiplexing is an operation performed with digital logic circuits called multiplex- 
ers. Multiplexing allows information to be switched from several lines onto a 
single line in a specified sequence. A simple multiplexer can be represented by a 
switch operation that sequentially connects each of the input lines with the output, 
as illustrated in Figure 1-11. Assume that we have logic levels as indicated on the 
three inputs (a multiplexer can have any number of inputs). During time interval 
t,, input A is connected to the output; during interval t», input B is connected to 
the output; and during interval t, input C is connected to the output. As a result of 
this multiplexing action, we have the three logic levels on the input lines appearing 
in sequence on the output line. The switching action, of course, is accomplished 
with logic circuits, as you will learn later. 
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HIGH A A 

HIGH 

LOW TOM NET 
pa ana 


Multiplexed output 


Inputs < LOW B 


HIGH С 


FIGURE 1-11 Example of simple multiplexer operation. 


The inverse of the multiplexing function is called demultiplexing. Here, logic 
data from a single input line are sequentially switched onto several output lines, as 
shown in Figure 1-12. > 

Digital circuits can be used to perform a large variety of tasks limited only by 
the imagination. In order to give you a general picture of some of the basic aspects 
of digital logic, we have touched on only a few of the more basic and common 
functions that can be used as building blocks for increasingly complex systems. 


HIGH during [| 


LOW during 12 


TU E E 
n 


HIGH during t3 


FIGURE 1-12 Example of simple demultiplexer operation. 


SECTION 
REVIEW 
1-3 


1-4 


1. List seven primary functions of digital logic. 
2. Identify the function that best performs the following operations: 
(a) Determines which of two numbers is the greater. 
(b) Determines if two numbers are equal. 
(c) Produces the sum of two numbers. 
(d) Divides the frequency of a pulse waveform by 4. 


DIGITAL INTEGRATED CIRCUITS 


All of the logic functions that we have discussed and many more are available in 
integrated circuit (IC) form. Modern digital systems utilize ICs to a large extent in 
their designs. In most cases, ICs have size, power, reliability, and cost advantages 
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over discrete circuitry (except in very specialized applications where a circuit 
must be “custom made” to meet unique requirements). 

A monolithic integrated circuit is an electronic circuit that is constructed 
entirely on a single small chip of silicon. All of the components that make up the 
circuit—transistors, diodes, resistors, and capacitors—are an integral part of this 
single chip. 

Typical chip sizes range from about 40 x 40 mils (a mil is 0.001 inch) to 
about 300 x 300 mils, depending on the complexity of the circuit. Anything from a 
few to thousands of components can be fabricated on a single chip. 


Small-Scale Integration (SSI) 


The least complex digital ICs are placed in the small-scale integration (SSI) 
category. These are circuits with up to 12 equivalent gate circuits оп а single chip, 
and they include basic gate functions and flip-flops. Each SSI function is packaged 
in one of two main configurations: the dual-in-line package (DIP) or the flat pack. 
Figure 1-13 illustrates these packages in both 14- and 16-pin versions. 


Lu | Жо 
1 1 


14-pin 16-pin 


14-pin 16-pin 
(a) Dual in-Line Package (DIP) (b) Flat Pack 


Aan 1-13 Some common IC packages. (Courtesy of Motorola Semiconductor Pro- 
lucts) 


Figure 1-14 shows a cutaway view of a DIP with the IC chip within the 
package. Leads from the chip are connected to the package pins to allow input and 
output connections to the outside world. 
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FIGURE 1-14 Cutaway view 
of a dual-in-line 14-pin package 
showing the IC chip mounted 
inside with leads to input and 
output pins. 


Medium-Scale Integration (MSI) 


The next classification according to digital circuit complexity is called medium- 
scale integration (MSI). These are circuits with complexities ranging from 12 to 
100 equivalent gates on a chip. MSI circuits include the more complex logic 
functions such as encoders, decoders, counters, registers, multiplexers, arith- 
metic circuits, small memories, and others. Figure 1-15 illustrates a 24-pin DIP 
and flat pack and a 28-pin chip carrier in which MSI functions are packaged. 


TT sz 


(c) 28-pin ceramic 
(a) 24-pin Dual-in-Line (b) 24-pin Flat Pack chip carrier package 


FIGURE 1-15 (а) and (b) Two types of 24-pin ICs (courtesy of Motorola Semiconduc- 
tor Products). (c) A 28-pin chip carrier package (courtesy of Texas Instruments). 


Large-Scale Integration (LSI) 

Circuits with complexities of 100 to 1000 equivalent gates per chip, including 
memories and some microprocessors, generally fall into the LSI category. 
Very Large-Scale Integration (VLSI) 


Integrated circuits with complexities ranging from 1000 to 100,000 equivalent 
gates per chip and beyond are generally considered VLSI. Very large memories, 
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larger microprocessor systems, and single-chip computers are in this category. 
The complexity figures stated here for SSI, MSI, LSI, and VLSI are gener- 


ally accepted, but definitions may vary from one source to another. 
И оО EEE oe 


SECTION 1. What is an integrated circuit? 
REVIEW 2. Define the terms SSI, MSI, LSI, and VLSI. 
1-4 3. Generally, in what classification does an IC with the following number of 


equivalent gates fall? 
(а) 75 (b) 500 (c) 10 (d) 10,000 


1-5 MICROPROCESSORS 


The microprocessor is a VLSI device that can be programmed to perform arith- 
metic and logic operations and other functions in a prescribed sequence for the 
niovement and processing of data: A typical microprocessor package is shown in 


Figure 1-16. 


FIGURE 1-16 Microprocessor in а 40-pin dual-in-line package. (Courtesy of Motorola) 


The microprocessor is used as the central processing unit (CPU) in micro- 
computer systems where it is connected with other ICs such as memories and 
input/output interface circuits. 

The arrangement of circuits within the microprocessor (called its architec- 
ture) permits the system to respond correctly to each of many different instruc- 
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tions and, in addition to arithmetic and logic operations, controls the flow of 
signals into and out of the computer, routing each to its proper destination in the 
required sequence to accomplish a specified task. 

The interconnections or paths along which signals flow are called buses. 
Figure 1-17 shows a simplified diagram of a microcomputer system. The memo- 
ries are used to store binary information before and after processing and the 
sequence of instructions called the program. The input/output (I/O) interface 
block properly connects external devices—keyboards, video terminals, and 
printers—to the microcomputer. 


FIGURE 1-17 Microcomputer 
block diagram. 


ES 


; ; 
E А 
< 

SECTION 1. What is a microprocessor? 

REVIEW 2. List the basic components of a microcomputer system. 

1-5 3. Define the following: í 

(a) bus (b) program (с) CPU (d) ROM (e) RAM 
1-6 DIGITAL TESTING AND TROUBLESHOOTING INSTRUMENTS 


Troubleshooting is the technique of systematically isolating and identifying a fault 
in a circuit or system. A variety of special instruments is available for use in digital 
troubleshooting and testing. Some typical equipment is presented in this section. 
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The Oscilloscope 


Figure 1-18 shows a typical dual-channel oscilloscope. Pulse waveforms can be 
displayed on the screen, and parameters such as amplitude, rise and fall times, 
pulse width, period, and duty cycle can be measured. Also, abnormalities in the 
shape or characteristics of a pulse can be seen and analyzed. Two or more digital 
waveforms can be displayed simultaneously in order to determine and analyze 
their time relationships. Many specialized functions and performance levels are 
normally available with interchangeable plug-in modules. For these reasons, the 
oscilloscope is considered to be one of the most versatile instruments for testing 
and troubleshooting. 


FIGURE 1-18 A typical oscil- 
loscope. (Courtesy of Tektronix, 
Inc.) 


The Logic Analyzer 


Figure 1-19 shows a typical logic analyzer. This instrument is basically a multi- 
channel oscilloscope with the ability to detect and display logic levels in several 
forms. 

Most logic analyzers can display data in several formats. The timing dia- 
gram format displays several pulse waveforms with the proper time relationships. 
The bit format displays a bit pattern of 1s and 0$ on the screen. Bit patterns from a 
functioning unit can be displayed and compared to the patterns of a faulty unit to 
detect errors. 

A third format is a display using hexadecimal code. The hexadecimal code, 
as you will learn later, is a convenient way to represent binary information. Some 
analyzers also provide for octal and other code displays. Octal is another code 
representation for binary and is discussed in the next chapter. 
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FIGURE 1-19 The 1630A/D logic analyzer. (Courtesy of Hewlett-Packard) 


The Signature Analyzer 


Another useful digital troubleshooting instrument is the signature analyzer, such 
as the one shown in Figure 1-20. Signature analysis is a troubleshooting technique 
that locates faults to the component level in microprocessor-based systems. 

A signature analyzer converts a pattern of Is and Os at a given test point in 
the circuit under test and displays the pattern as a hexadecimal code called the 
signature for that particular point. By comparing the indicated signature with a 
known correct signature, a technician can identify a faulty device. 


FIGURE 1-20 The 5006 signature analyzer. (Courtesy of Hewlett-Packard) 
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The Logic Probe 


The logic probe provides a simple means for digital troubleshooting by detecting 
voltage levels or pulses at a given point. A typical logic probe is shown in Fig- 
ure 1-21. 


FIGURE 1-21 The 545A logic probe. (Courtesy of Hewlett-Packard) 


The logic probe uses a single lamp or multiple lamps to indicate the various 
states possible on a digital signal path, such as HIGHs, LOWs, single pulses, 


pulse trains, and open circuits. A typical indication format is 


Lamp on: HIGH 
Lamp off: LOW 
Lamp dim: Open or bad level 
One flash: Single pulse 
Repetitive flashes: Pulse train 


Although the logic probe is a very useful instrument, it alone cannot solve all 
troubleshooting problems. Often it must be used in conjunction with oscillo- 
scopes, logic analyzers, signature analyzers, and other types of probes. 
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The Current Tracer and Logic Pulser 


These instruments are shown in Figure 1-22. Current tracing is a very effective 
troubleshooting technique in raany cases. It is particularly difficult to isolate a bad 
element when a given circuit node (point of connection) is stuck in one logic state, 
and several elements are common to the node. In this situation, current tracing is 


very useful. 


FIGURE 1-22 The 546A logic pulser and the 547A current tracer. (Courtesy of 
Hewlett-Packard) 


The hand-held current tracer has a one-lamp indicator that glows when its 
tip is held over a pulsing current path. This instrument can detect whether current 
is flowing at all and, most importantly, where the current is flowing. For instance, 
if a node is stuck in the LOW state due to a shorted input in one of the devices 
connected to the node, a very strong current exists between the circuit driving the 
node and the faulty component. For purposes of detection, the current has to be 
pulsing; if it is not, a logic pulser can be used to force pulses on the node, and the 


current can then be traced to the bad component. 
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The Logic Clip 

A typical logic clip is shown in Figure 1-23. Itis “clipped” to an integrated circuit 
where it makes contact with each pin on the IC. The lamps on the clip then 
indicate the logic levels of each pin: 


Lamp on: HIGH 
Lamp off: LOW 
Lamp dim: Pulses 


FIGURE 1-23 The 548A logic clip. (Courtesy of Hewlett-Packard) 


SECTION i. Select the proper instrument for measuring the rise time of a pulse: 
REVIEW (a) logic probe (b) oscilloscope 
1-6 (c) logic analyzer (d) pulser 


2. . List the conditions at a given point in a logic system that can be detected using 
a logic probe. 


SUMMARY 


C] In digital systems, there are two logic levels representing the two binary digits (bits). 
О In positive logic, a HIGH level represents a 1, and a LOW level represents à 0. 
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The amplitude is the ‘height’ of a pulse usually expressed in volts. 

The rise time of a pulse is the time interval from 10% to 90% of the pulse amplitude on 
the rising edge. 

The fall time of a pulse is the time interval from 90% to 10% of the pulse amplitude on 
the falling edge. 

In this text, the pulse width is defined to be the time interval from the 50% point on the 
leading edge to the 50% point on the trailing edge. (Sometimes pulse width is defined as 
the time interval of the flat portion at the top of the pulse.) 

The duty cycle of a periodic pulse waveform is the ratio of the pulse width to the period. 

The output of a NOT circuit (inverter) is opposite to the input. 

The output of an AND gate is HIGH if and only if all the inputs are HIGH. 

The output of an OR gate is HIGH if and only if one or more inputs are HIGH. 

The flip-flop is a storage device. 

Several common functions of digital logic are the comparator, the arithmetic functions, 
the encoder, the decoder, the counter, the register, the multiplexer, and the demulti- 
plexer. 

An integrated circuit (IC) is an electronic circuit constructed entirely on a tiny silicon 
chip. All of the circuit components are an integral part of the chip. 

Integrated circuits are classified in terms of the complexity or number of circuits on a 
chip as SSI, MSI, LSI, or VLSI. 

A microprocessor is an LSI/VLSI device that can be programmed to perform various 
digital functions in any specified sequence. 

Several important digital test instruments are the escilleseupe, the logic analyzer, the 
signature analyzer, the logic probe, the current trac т, the logic pulser, and the logic 
clip. 
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Name the binary digits. 

What does a HIGH level represent in negative logic? 

Define the term bit. 

For a negative pulse, the leading edge corresponds to the ^ > 1. edge. 
For a positive pulse, the trailing edge corresponds to the ^ 1. edge. 
Explain the difference between periodic and nonperiodic pulse waveforms. 

Define period. 

Define frequency and specify its unit. 

For a given period, when the pulse width is increased, does the duty cycle increase or 
decrease? 

What is the mathematical system for formulating logical statements? 

A NOT circuit is also called ап — — 

Explain the difference between an AND gate and an OR gate. 

Define one characteristic that distinguishes a flip-flop from a gate. 

Briefly describe the purpose of each of the seven functions of digital logic discussed in 
this chapter. 

Define the term DIP. 

List three block functions found in a microcomputer system. 
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17. What does the term architecture mean in reference to a microprocessor? 
18. What does I/O mean? 

19. Define the term troubleshooting. 

20. List at least five types of digital testing and troubleshooting instruments. 


PROBLEMS 
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Section 1-1 

1-1 Define the sequence of bits repesented by each of the following sequences of levels 
in a positive logic system: 
(a) HIGH, HIGH, LOW, HIGH, LOW, LOW, LOW, HIGH 
(b) LOW, LOW, LOW, HIGH, LOW, HIGH, LOW, HIGH, LOW 

1-2 Define the sequence of bits represented by each of the following sequences of levels 
in a negative logic system: 
(a) HIGH, LOW, HIGH, HIGH, HIGH, LOW, HIGH 
(b) HIGH, HIGH, HIGH, LOW, HIGH, LOW, LOW, HIGH 

1-3 For the pulse shown in Figure 1-24, determine the following: 
(a) rise time (b) fall time 
(c) pulse width (d) amplitude 


FIGURE 1-24 Volts 


0 t (us) 
0 1 2 3 4 


1-4 Determine the period of the waveform in Figure 1-25. 


t (ms) 


FIGURE 1-25 


1-5 What is the frequency for the pulse waveform in Figure 1-25? 
1-6 Is the pulse waveform in Figure 1-25 periodic or nonperiodic? 
1-7 Determine the duty cycle in Figure 1-25. 
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Section 1-2 


1-8 A basic logic element requires HIGHS on all of the inputs to make the output HIGH. 
What type of logic circuit is this? 

1-9 A basic two-input logic element has a HIGH on one input and a LOW on the other 
input, and the output is LOW. Identify the element. 


1-10 A basic two-input logic element has a HIGH on one input and a LOW on the other 
input, and the output is HIGH. What type of logic element is it? 


Section 1-3 
1-11 Name the function of each block in Figure 1-26. 


(c) (4) 


FIGURE 1-26 


1-12 А pulse waveform with a frequency of 10 kHz is applied to the input of a divide-by-5 
counter. What is the frequency of the ouptut waveform? 


Section 1-4 


1-13 An integrated circuit chip has a complexity of 100 equivalent gates. How is it 
classified? 

1-14 Some ICs have 14, 16, or 24 pins (T or F). 

1-15 Name two types of IC packages. 


Section 1-5 


1-16 Sketch the basic block diagram for a microcomputer. 

1-17 The interface block properly connects the microcomputer to external devices such 
as 

Section 1-6 


1-18 A pulse is displayed ori the screen of an oscilloscope, and you measure the base line 
to be at 1 V and the top of the pulse to be at 8 V. What is the amplitude? 
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1-19 A logic probe is applied to a contact point on an IC that is operating in a system. The 
lamp on the probe flashes repeatedly. What does this indicate? 


ANSWERS TO SECTION REVIEWS 


Section 1-1 
T. 4V 2. 2596 


Section 1-2 


1. AND gate, OR gate, inverter, flip-flop. 
2. (© 


Section 1-3 


1. Comparison, arithmetic, encoding, decoding, counting, storage, multiplexing, and de- 
multiplexing. 
2. (a) Comparison (b) Comparison (c) Addition (d) Counting 


Section 1-4 


1. A circuit with all components integrated on a single silicon chip. 
2. SSI: small-scale integration (up to 12 equivalent gates). 

MSI: medium-scale integration (12 to 100 equivalent gates). 

LSI: large-scale integration (100 to 1000 equivalent gates). 

VLSI: very large-scale integration (greater than 1000 equivalent gates). 
3. (a) MSI (b) LSI (c) SSI (d) VLSI 


Section 1-5 


1. A VLSI device that can be programmed to perform arithmetic functions, logic func- 
tions, and other operations involving the movement and processing of digital data. 
2. Microprocessor, memory, input/output devices. 
3. (a) Bus: An interconnection specification for the communication of two or more 
digital devices. 
(b) Program: A sequence of computer instructions designed to tell the computer how 
to carry out a specified task. 
(c) CPU: central processing unit. 
(d) ROM: read-only memory. | 
(e) RAM: read/write random access memory. 


Section 1-6 
1. (b) -2. HIGH, LOW, open, single pulse, pulse train. 


The binary number system and digital codes are 


fundamental to digital electronics. In this chapter, 


the binary number system and its relationship to 
other number systems such as decimal, octal, and 
hexadecimal are studied. Arithmetic operations 
with binary numbers are covered to provide a 
basis for understanding how computers and other 
digital systems operate. The following important 
digital codes are introduced: BCD, Gray, Ex- 
cess-3, ASCII, and EBCDIC. 
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In this chapter, you will learn 


The meaning and usefulness of 9's and 10's 
complements in the decimal system. 

How to count in binary. 

How to convert between binary and А 
How to add, subtract, multiply, and divide т 
binary. Жар 
The meaning and usefulness of I's and 2's 
complements in the binary system. 

The octal system and how to convert between 
binary and octal. 

The hexadecimal system and how to convert 
between binary and hexadecimal. 

How to add in hexadecimal. 

The binary coded decimal (BCD) code. 

How to represent decimal numbers in BCD. 
How to add in BCD. 


‘The Gray code and conversion between Gray 


and binary. 

The Excess-3 code. 

The American Standard Code for Information 
Interchange (ASCII). 

The Extended Binary Coded Decimal Inter- 
change Code (EBCDIC). < 
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NUMBER SYSTEMS AND CODES 


DECIMAL NUMBERS 


We begin our study of number systems with the one with which we are all familiar, 
the decimal system. Because human anatomy is characterized by four fingers and 
a thumb on each hand, it was only natural that our method of counting involve the 
use of ten digits, that is, a system with a base of ten. Each of the ten decimal 
digits, 0 through 9, represents a certain quantity. The ten symbols (digits) do not 
limit us to expressing only ten different quantities because we use the various 
digits in appropriate positions within a number to indicate the magnitude of the 
quantity. We can express quantities up through nine before we run out of digits; if 
we wish to express a quantity greater than nine, we use two or more digits, and the 
position of each digit within the number tells us the magnitude it represents. If, for 
instance, we wish to express the quantity twenty-three, we use (by their respec- 
tive positions in the number) the digit 2 to represent the quantity twenty and the 
digit 3 to represent the quantity three. Therefore, the position of each of the digits 
in the decimal number indicates the magnitude of the quantity represented and can 
be assigned a ‘‘weight.”’ 

The value of a decimal number is the sum of the digits times their respective 
column weights. The following examples will illustrate. 


23=2х Ю+3х 1 = 20 +3 


The digit 2 has a weight of 10, as indicated by its position, and the digit 3 has a 
weight of 1, as indicated by its position. 


568 = 5 x 100 + 6 x 10 + 8 1 = 500 + 60 + 8 


The digit 5 has a weight of 100, the digit 6 has a weight of 10. and the digit 8 has 
a weight of 1. 
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SECTION 
REVIEW 
2-1 


1. What weight does the digit 7 have in each of the following numbers? 
(a) 1370 (b) 6725 (с) 7051 (4) 75.898 

2. Express each of the following decimal numbers as а sum of the products of 
each digit and its appropriate weight: 
(a) 51 (b) 137 (c) 1492 (d) 10.658 
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9'S AND 10°5 COMPLEMENTS 


9’s Complement 


The 9's complement of a decimal number is found by subtracting each digit in the 
number from 9. The 9's complement of each of the decimal digits is as follows: 


Digit 9's Complement 


омлет ہا‎ i پا‎ мо س‎ c 
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The following examples illustrate how to determine the 9's complement of a 
decimal number. 


Find the 9's complement of each of the following decimal numbers: 
(a) 12 (b) 28 (c) 56 (d) 115 (e) 562 (f) 3497 


Solutions То get the 9's complement of a decimal number, we subtract each 
digit in the number from 9. 


99 
= 12 
87 9's complement 9's complement 
of 12 of 28 


99 
=. 0 
43 9’s complement 9's complement 
of 56 of 115 


999 
— 562 
437 9's complement 9's complement 
of 562 of 3497 


EXAMPLE 
2-4 
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9's Complement Subtraction 


The usefulness of the 9’s complement stems from the fact that subtraction of a 
smaller decimal number from a larger one can be accomplished by adding the 9’s 
complement of the subtrahend (in this case the smaller number) to the minuend 
and then adding the carry to the result (this is called an end-around carry). When 
subtracting a larger number from a smaller one, there is no carry, and the result is 
in 9's complement form and negative. This procedure has a distinct advantage in 
certain types of arithmetic logic. A few examples will demonstrate decimal sub- 
traction using the 9’s complement method. 


Perform the following subtractions by using the 9's complement method: 


Regular Subtraction 9’s Complement Subtraction 


(a) / // 8 8 
| =3 +6 9's complement of 3 


Add carry to result. 


NW (LA 


9's complement of 07 


+ eho = 
tals 


Add carry to result. 


6 
54 


Ll 
oo 


9’s complement of 21 


Add carry to result. - 


9's complement of 28 

9's complement of result 
(No carry indicates that 
the answer is negative 
and in complement form.) 


10's Complement 


The 10's complement of a decimal number is equal to the 9's complement plus 1. 
The following example illustrates how to determine the 10's complement of a 
decimal number. 
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EXAMPLE Convert the following decimal numbers to their 10’s complement form: 
2-5 (a) 8 (b 17 (© 52 (d 428 


Solutions First find the 9's complement, and then add 1. 


(a) (b) 99 
cdm 
9's complement 82 9's complement 
of 8; add 1. _+1 017; add 1. 
10’s complement 83 10’s complement 
of 8 of 17 


9’s complement 9’s complement 
of 52; add 1. of 428; add 1. 
10’s complement 10’s complement 
of 52 of 428 


10’s Complement Subtraction 


The 10’s complement can be used to perform subtraction by adding the minuend 
to the 10’s complement of the subtrahend and dropping the carry. The following 
example illustrates. 


EXAMPLE Perform the following subtractions by using the 10’s complement method: 
e^ Regular Subtraction 10’s Complement Subtraction 


(a) 8 
oat 10’s complement of 3 


5 Drop carry. 
(b) 13 
—07 10’s complement of 07 
6 Drop carry. 
(c) 54 
—21 10’s complement of 21 
33 Drop carry. 
(d) 196 
— 155 10’s complement of 155 
41 Drop carry. 


Note that in the 10’s complement, we do not have to add the carry to the result. 
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SECTION 
REVIEW 
2-2 


2-3 


1. Find the 9’s complements of the following decimal numbers: 


(a) 34 (b) 72 (c) 4580 (d) 6109 


2. Find the 10’s complements of the following decimal numbers: 


(a) 93 (b) 102 (c) 2738 (d) 9300 


BINARY NUMBERS 


The binary number system is simply another way to count. It is less complicated 
than the decimal system because it is composed of only two digits. It may seem 
more difficult at first because it is unfamiliar to you. 

Just as the decimal system with its ten digits is a base-ten system, the binary 
system with its two digits is a base-two system. The two binary digits (bits) are 
Гапа 0. The position of the 1 or 0 in a binary number indicates its **weight"" or 
value within the number, just as the position of a decimal digit determines the 
magnitude of that digit. The weight of each successively higher position (to the 
left) in a binary number is an increasing power of two. 


Counting in Binary 


To learn to count in binary, let us first look at how we count in decimal. We start 
at 0 and count up to 9 before we run out of digits. We then start another digit 
position (to the left) and continue counting 10 through 99. At this point we have 
exhausted all two-digit combinations, so a third digit is needed in order to count 
from 100 through 999. 

А comparable situation occurs when counting in binary, except that we have 
only two digits. We begin counting, 0, 1. At this point we have used both digits, so 
we include another digit position and continue, 10, 11. We have now exhausted all 
combinations of two digits, so a third is required. With three digits we can con- 
tinue to count, 100, 101, 110, and 111. Now we need a fourth digit to continue, and 
so on. A binary count of 0 through 31 is shown in Table 2-1. 

An easy way to remember how to write a binary sequence such as in Table 
2-1 for a five-bit example is as follows: 


1. The right-most column in the binary number begins with a 0 and alter- 
nates each bit. 

2- The next column begins with two 05 and alternates every two bits. 

3. The next column begins with four 05 and alternates every four bits. 

4. The next column begins with eight 0s and alternates every eight bits. 

5. The next column begins with sixteen 0s and alternates every sixteen 
bits. 


As you have seen, it takes at least five bits to count from 0 to 31. The 
following formula tells us how high we can count in decimal with n bits, beginning 
with zero: 
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y 


Highest decimal number кунг ыб (2-1) 
For instance, with two bits we can count from O'through 8. 
Q»-124-1-23 


RHI 
With four bits, v we can count Vues 0 to 15: TX 
cic 16 2 pois 
A table of powers of tv two (2^) is given on page 661. por cm туч сни 


TABLE 2-1 


э ct apenas ver 


EXAMPLE 
2-7 


EXAMPLE 
2-8 
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Binary-to-Decimal Conversion 


A binary number is a weighted number, as mentioned previously. The value of a 
given binary number in terms of its decimal equivalent can be determined by 
adding the products of each bit and its weight. The right-most bit is the least 
significant bit (LSB) in a binary number and has a weight of 2° = 1. The weights 
increase by a power of two for each bit from right to left. The method of 
converting a binary number to decimal is illustrated by the following example. 


Convert the binary number 1101101 to decimal. 


Solution 
Binary weight: 29. 25. 2% 23 22 21 20 
Weight value: 64 32 16 8 4 2 І 
Binary number: 1 1 0 Du | 
Ix 64 +1х 32+ 0х 16 +1х 8 +1х4-+0х%х2+1х1 
64 oe 32 2b 0 Е 8 2:4, HE orco 1 
109,0 


This is the equivalent decimal value of the binary number. The subscript 10 
identifies this as a decimal number to avoid confusion with other number 
systems. 


The binary numbers we have seen so far have been whole numbers. Frac- 
tional numbers can also be represented in binary by placing bits to the right of the 
binary point, just as fractional decimal digits are placed to the right of the decimal 
point. 

The column weights of a binary number are 


2/55. e 29222120 DR л. 27" 
binary point 


This indicates that all the bits to the left of the binary point have weights that are 
positive powers of two, as previously discussed. All bits to the right of the binary 
point have weights that are negative powers of two, or fractional weights (2^! = 


1 s z ў 
PIE etc.), as illustrated in the following example. 


Determine the decimal value of the fractional binary number 0.1011. 


Solution First determine the weight of each bit, and then sum the weights 
times the bit. 


Binary weight: 27! 2-2 2-3 2a 
Weight value: 0.5 0.25 0.125 0.0625 
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Binary number: 0.1 0 1 1 


1х 0.5 + 0 0.25 + 1 0.125 + 1 0.0625 
= 05 + 0+ 025 + 01005 
= 0.68751, 


Note that to determine the decimal value of a binary number, fractional ог 
whole, we simply add the weights of each 1 and ignore each 0 because the 
product of a 0 and its weight is 0. 


EXAMPLE 
2-9 


EXAMPLE 
2-10 


Another method of evaluating a binary fraction is to determine the whole- 
number value of the bits and divide by the total possible combinations of the 
number of bits appearing in the fraction. For instance, for the binary fraction in 
Example 2-8, 


1. If we neglect the binary point, the value of 1011, is 11,9 in decimal. 
2. With four bits, there are 24 = 16 possible combinations. 
3. Dividing, we obtain 11/16 = 0.6875, . 


The following examples illustrate the evaluation of binary numbers in terms 
of their equivalent decimal values. The subscript 2 identifies binary numbers. 


Determine the decimal value of 11101.011,. 


Solution 
(16 + 8 + 4 + 1).(0.25 + 0.125) = 29.375, 


Using the alternate method to evaluate the fraction, we have 3/8 = 0.375, 
(same result). 


Determine the decimal value of 110101.11,. 


Solution 
(32 + 16 + 4 + 1).(0.5 + 0.25) = 53.75, 


Using the alternate method to evaluate the fraction gives us 3/4 = 0.75, (same 
result). 


SECTION 
REVIEW 
2-3 


1. What is the weight of the 1 in 10000,? 
2. Convert each of the following binary numbers to decimal: 
(a) 1010, (b) 11010, (c) 10111101; (d) 110.101, 


2-4 


EXAMPLE 
2-11 
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BINARY ARITHMETIC 


Addition 

There are four basic rules for adding binary digits: 
0+0= 0 
0+1= 1 
1+0= 1 
14+ 1= 10; 


Notice that three of the addition rules result in a single bit, and that the addition of 
two 15 yields a binary two (105). When binary numbers are added, the latter 
condition creates a sum of 0 in a given column and a carry of 1 over to the next 
higher column, as illustrated below: 


11 
011 
+001 
100 


In the right column, 1 + 1 = 0 with a carry of 1 to the next column to the left. In 
the next column, | + 1 + 0 = 0 with a carry of 1 to the next column to the left. In 
the left column, 1 + 0 + 0 = 1. 

When there is a carry, we have a situation where three bits are being added 
(a bit in each of the two numbers and a carry bit). The rules for this are as follows: 


1 + 0 + 0 = 01, | with a carry of 0 
1 + 1 + 0 = 10, 0 with a carry of 1 
1 + 0 + 1 = 10, Owith a carry of | 
1 + 1 + 1 = 11, 1 with a carry of 1 


Carry bits 


The following example will illustrate binary addition with the equivalent 
decimal addition also shown. 


(а) i1; 37 ab) 100, А 
3i FL Зо #105 | (0-21 

WS SENS. MA I. 5: 

() и па") i10, 610 
E +400, MEE d 

1010, 1010 1010, — 10, 

() пи, ISo ® 11100, Ж 
+1100, +0 +1001, +19, 

101111, 
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Subtraction 


There are four basic rules for subtracting binary digits: 


0.-0-0 
1-120 
1 50-1 
10, 1-1 


When subtracting numbers, we sometimes have to borrow from the next higher 
column. А borrow is required in binary only when we try to subtract a 1 from a 0. 
In this case, when a 1 is borrowed from the next higher column, a 10, is created in 
the column being subtracted, and the last of the four basic rules listed above must 
be applied. The following examples illustrate binary subtraction with the equiv- 
alent decimal subtraction shown. 


EXAMPLE 
2-12 


No borrows were required in this example. 01, is the same as 1,. 


EXAMPLE 510 


101, 
2-13 So —3,5 
010, 2 


Let us examine exactly what was done to subtract the two binary num- 
bers. 


Borrow | from next column, 
When a | is borrowed, making a 10 in this column 
a 0 is left (10— 1 = 1). 


(0 О НА 
0 


Multiplication 


The following are four basic rules for multiplying binary digits: 
0x0-20 
0x120 


38 NUMBER SYSTEMS AND CODES 


1x0-20 

Ix] 1 
Multiplication is performed in binary in the same manner as with decimal num- 
bers. It involves forming the partial products, shifting each successive partial 


product left one place, and then adding all the partial products. A few examples 
will illustrate the procedure and the equivalent decimal multiplication. 


EXAMPLE 
2-14 


Division 


Division in binary follows the same procedure as division in decimal. 


EXAMPLE 10, Au 
2-15 (a) Шо 26 (b) 10110 
МР Neon 10 
000 0 10 
10 
00 


п, Зе 10.1, 25 

(© 1001100 412 (d 1101111.0 6150 
100 12 110 12 
100 0 110 30 
100 110 30 
000 00 0 0 


SECTION 1. Perform the following additions: 
REVIEW (а) 1101, + 1010, — (b) 10111, + 01101, 
2-4 


2-5 


2-5 15 AND 2'S COMPLEMENTS 39 


2. Perform the following subtractions: 

(a) 1101, — 0100, (b) 1001, — 0111, 
3. Perform the indicated operation: 

(a 110, x 111, (b) 1100, + 011, 


175 AND 2S COMPLEMENTS 


EXAMPLE 
2-16 


Obtaining the 1’s Complement of a Binary Number 


The 1’s complement of a binary number is found by simply changing all 15 to 05 
and all 05 to Is, as illustrated by a few examples. 


Binary Number Г'ѕ Complement 


10101 01010 
10111 01000 
111100 000011 
11011011 00100100 


1’s Complement Subtraction 


Subtraction of binary numbers can be accomplished by the direct method de- 
scribed in Section 2-4 or by using the 1’s complement method, which allows us to 


subtract using only addition. 
To subtract a smaller number from a larger number, the 1’5 complement 


method is as follows: 


1. Determine the 1° complement of the smaller number. 

2. Add the I’s complement to the larger number. 

3. Remove the carry and add it to the result. This is called end-around 
carry. 


Subtract 10011, from 11001, using the !'s complement method. Show direct 
subtraction for comparison. 


Solution 


Direct Subtraction I's Complement Method 
11001 11001 
— 10011 _+01100 1% complement of 10011 
00110 00101 
+1 Add end-around carry. 


{ 00110. Final answer 


40 NUMBER SYSTEMS AND CODES 


To subract a larger number from a smaller one, the 1’s complement method 
is as follows: 


1. Determine the 1’s complement of the larger number. 

2. Add the 1° complement to the smaller number. 

3. The answer has an opposite sign and is the 1’s complement of the result. 
There is no carry. 


EXAMPLE Subtract 1101, from 1001, using the Гз complement method. Show direct 
2-17 subtraction for comparison. 


Solution 


Direct Subtraction I's Complement Method 


1001 1001 
— 1101 + 0010 1785 complement of 1101 
—0100 1011 Answer іп 1’s complement form 


and opposite in sign 


—0100 Final answer 


The 1°ѕ complement method is particularly useful in arithmetic logic circuits 
because subtraction can be accomplished with an adder. Also, the 1's complement 
of a number is easily obtained by inverting each bit in the number. 


Obtaining the 275 Complement of a Binary Number 


The 2's complement of a binary number is found by adding 1 to the 1’s comple- 
ment. The following example shows how this is done. 


EXAMPLE Binary Number 2's Complement 


2-18 110 001 I's complement of 110 
iC OR ЕШ Add 1. 
010 2’s complement of 110 


10101 01010 I's complement of 10101 
NN +1 Add 1. 
01011 2’s complement of 10101 


An alternative method of obtaining the 2’s complement is demonstrated for 
the binary number 1101011101000. 


1. Start at the right and write the bits as they are up to and including the 
first 1. 
2. Take the Г’; complements of the remaining bits. 
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ffirst 1 going right to left 


001010001 1000 
1’s complements of These bits remain as they were. 
original bits 


2’s Complement Subtraction 


To subtract a smaller number from a larger one, the 2's complement method is 
applied as follows: 

1. Determine the 2’s complement of the smaller number. 

2. Add the 2’s complement to the larger number. 

3. Discard the carry (there is always a carry in this case). 


EXAMPLE Subtract 1011, from 1100, using the 2's complement method. Show direct 
2-19 subtraction for comparison. 


Solution 


Direct Subtraction 2's Complement Method 


1100 1100 
— 1011 +0101 2's complement of 1011 
0001 X 0001 Discard carry. 


00017 Final answer 


To subtract a larger number from a smaller one, the 2's complement method 
is as follows: 

1. Determine the 2's complement of the larger number. 

2. Add the 2’s complement to the smaller number. 

3. There is no carry. The result is in 2's complement form and is negative. 

4. To get an answer in true form, take the 2's complement and change the 


sign. 


EXAMPLE Subtract 11100, from 10011, using the 2's complement method. 
2-20 
Solution 
Direct Subtraction 2's Complement Method 


10011 
— 11100 2's complement of 11100 
—01001 No carry; 2's complement of 
answer 


Final answer 
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At this point, both the 1° and 2's complement methods of subtraction may 
seem excessively complex compared with direct subtraction. However, as men- 
tioned before, they both have distinct advantages when implemented with logic 
circuits because they allow subtraction to be done by using only addition. Both 
the I’s and the 2's complements of a binary number are relatively easy to accom- 
plish with logic circuits; and the 2's complement has an advantage over the 1’s 
complement in that an end-around carry operation does not have to be performed. 
You will see later how arithmetic operations are implemented with logic circuits. 


SECTION 1. Determine the l's complement of each binary number. 
REVIEW (а) 11010, — (b) 10111, (е) 001101, 
2-5 2. Perform the following subtractions using the 1’s complement method. 


(a) 1101, — 0111, — (b) 10110, — 11011, 

3. Determine the 2’s complement of each number. 
(a) 10111, (b) 1111, © 010001, 

4. Perform the following subtractions using the 2’s complement method. 
(a) 1110, — 1001, (b) 1001, — 1110, 


2-6 DECIMAL-TO-BINARY CONVERSION 


In Section 2-3 we discussed how to determine the equivalent decimal value of a 
binary number. Now, you will learn two ways of converting from a decimal 
number to a binary number. 


Sum-of-Weights Method 


One way to find the binary number equivalent to a given decimal number is to 
determine the set of binary weight values whose sum is equal to the decimal 
number. For instance, the decimal number 9 can be expressed as the sum of 
binary weights as follows: 


9=8+1= 23 + 20 


By placing а 1 in the appropriate weight positions, 23 and 27, and а 0 in the other 
positions, we have the binary number for decimal 9. 


23 22 294 20 
1 0 0 1, binary nine 


EXAMPLE Convert the following decimal numbers to binary: 


(а) 12 (b) 25 (0958 (а) 82 
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Solutions 


() 12,9 Seer ЛО т? a 
Ф) 25,5 = 16 #8 + 1 = 24 + 23 ي‎ o 


(с) 58,9 = 32 + 16 +8 +2 = 25 + 24 + 23 + 21 — —————. 111010, 
(d) 82,9, = 64 + 16 + 2 = 26 + 24 + 2! ________, 1010010, 


Repeated Division-by-2 Method 


A more systematic method of converting from decimal to binary is the repeated 
division-by-2 process. For example, to convert the decimal number 12 to binary, 
we begin by dividing 12 by 2 and then dividing each resulting quotient by 2 until 
there is a 0 quotient. The remainders generated by each division form the binary 
number. The first remainder to be produced is the least significant bit (LSB) in the 
binary number. This procedure is shown in the following steps. 


TRAE 


Step 1. 


Step 2. 


Step 3. 


Step 4. 


EXAMPLE Convert the following decimal numbers to binary: 
2-22 (а) 19 (b) 45 


Solutions 


NUMBER SYSTEMS AND CODES 


4 11 
25 222 
8 22 
и о> 
2 5 5 
Ж Ji 
4 10 
о —> | 
1 2 
22 25 
2 j 4 
اچ0‎ 1 —— 8 
0 1 
21 22 
0 2 
P (MSB) о — 
0 
21 
0 
1 و‎ 


Converting Decimal Fractions to Binary 


The previous examples demonstrated whole number conversions. Now, fractional 
conversions are examined. 

The sum-of-weights method can be applied to fractional decimal numbers as 
shown in the following example: 


0.62510 = 0.5 + 0.125 = 2-1 + 2-3 = 0.101, 


There is а | in the 2-! position, a 0 in the 27? position, and a 1 in the 2—3 position. 

As you have seen, decimal whole numbers can also be converted to binary 
by repeated division-by-2. Decimal fractions can be converted to binary by 
repeated multiplication-by-2. For example, to convert the decimal fraction 0.3125 
to binary, we begin by multiplying 0.3125 by 2 and then multiplying each resulting 
fractional part of the product by 2 until the fractional product is zero. The carries 
generated by each multiplication form the binary number. The first carry pro- 
duced is the MSB. This procedure is shown in the following steps: 
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Carry Fractional part 


— | р 

Step 1. 0.3125 x 2 = 0.625 - Carry 

e~~ o (MSB) 
Step 2. 0.625 x 2 = 125 : 

б ет 70 
Step 3. 0.25 x 2 = 0.50 5 

ПА са 0 
Step 4. 0.50 x 2 = 1.00 


[4 
L———— — BA... (LSB) 


0.0101, 


SECTION 
REVIEW 
2-6 


2-7 


1. Convert each decimal number to binary by using the sum-of-weights method. 
(а) 23 (b) 57 (с) 45.5 

2. Convert each decimal number to binary by using the repeated division-by-2 
method (repeated multiplication-by-2 for fractions). 
(a) 14 (b) 21 (c) 0.375. 


OCTAL NUMBERS 


The octal number system is composed of eight digits, which are 
071, 273,455; 6/7 
To count above 7, we begin another column and start over. 
107112125273; 14:115, 16, 17520, 21; etc. 


Counting in octal is the same as counting in decimal, except any number with an 8 
or a 9 is omitted. To distinguish octal numbers from decimal numbers, we will use 
the subscript 8 to indicate an octal number. For instance, 15, is equivalent to 13,. 


Octal-to-Decimal Conversion 


Since the octal number system has a base of eight, each successive digit position is 
an increasing power of eight, beginning in the right-most column with 89. The 
evaluation of an octal number in terms of its decimal equivalent is accomplished 
by multiplying each digit by its weight and summing the products, as illustrated 
below for octal .۾2374‎ 
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Weight: 83 82 8! 8° 
Decimal value: 512 64 8 1 
Octal number: 2 3 7 4 
2374, = 2 х 83 + 3х 82 + 7х 81 + 4х 80 


1 
12761 


=2 х 512 +3 х 64+7х8 +4 
1024 + 192 + 56 +4 


Il x x 


Decimal-to-Octal Conversion 


A method of converting a decimal number into an octal number is the repeated 
divison-by-8 method, which is similar to the method used in conversion of decimal 
to binary. To show how it works, we convert the decimal number 359, to octal. 
Each successive division by 8 yields a remainder that becomes a digit in the 
equivalent octal number. The first remainder generated is the least significant digit 
(LSD). 


17- BB «sp 


5 Р. 
Step 2. 8)44 
40 
4— pp 
0 а 
Le 
Step 3 85 is 
0 22: Ў 
5). —> E (MSD) 


The octal numbers to this point have been whole numbers. Fractional octal 
numbers are represented by digits to the right of the octal point. 
The column weights of an octal number are 


8"... 858/80, 8-IB-28 BT 


This shows that all digits to the left of the octal point have weights that are positive 
powers of eight, as seen previously. All digits to the right of the octal point have 


d weights, or negative powers of eight, as illustrated in the following 
example. 


EXAMPLE 
2-23 


EXAMPLE 
2-24 
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Determine the decimal value of the octal fraction 0.325,. 


Solution First, determine the weights of each digit and then sum the weight 
times the digit. 


Octal weight: 81 8-2 8 
Decimal value: 0.125 0.015625 0.001953 
Octal number: 0.3 2 5 


0.325, = 3(0.125) + 2(0.015625) + 5(0.001953) 
= 0.375 + 0.03125 + 0.009765 = 0.416015 5 


Octal-to-Binary Conversion 


The primary application of octal numbers is in the representation of binary 
numbers. Since it takes only one octal digit to represent three bits, octal numbers 
are much easier to "read" than binary numbers. 

Because all three-bit binary numbers are required to represent the eight octal 
digits, it is very easy to convert from octal to binary and from binary to octal. The 
octal number system is often used in digital systems, especially for input/output 
applications, 

Each octal digit is represented by three bits as indicated: 


Octal Digit Binary 


чмель دیا‎ м SC 
= 


To convert an octal number to a binary number, simply replace each octal 
digit by the appropriate three bits. This is illustrated in the following example. 


Convert each of the following octal numbers to binary: 
(a) 13, (5) 25, (©) 4, (4) 170, (е) 752, (f) 5276, 
(p 37.12, 


ЕХАМРЕЕ 
2-25 


NUMBER SYSTEMS AND CODES 


(e) 


152 ( 5276, (в) 37.12, 
(See eee 
111101010, MONTO, 011111.001010, 


Binary-to-Octal Conversion 


Conversion of a binary number to an octal number is also a straightforward 
process. Beginning at the binary point, simply break the binary number into 
groups of three bits and convert each group into the appropriate octal digit. 


Represent each of the following binary numbers by its octal equivalent: 
(a) 110101, (b) 101111001, (c) 1011100110, (d) 1001101.1011, 


Solutions 


(а) 110101, (Ы) 101111001, (©) 003011100110 


Lordi consi оо тено 


6 5, Зв b 23 i2, 


SECTION 
REVIEW 
2-7 


2-8 


1. Convert the octal numbers to decimal. 
(а) 73, (b) 125, 
2. Convert the decimal numbers to octal. 
(а) 98, (b) 163, 
3. Convert the octal numbers to binary. 
(a) 46, (b) 723, (c) 5624.37, 
4. Convert the binary numbers to octal. 
(a) 110101111, (b) 100110001.101111, (c) 10111111.001 15 


HEXADECIMAL NUMBERS 


The hexadecimal system has a base of sixteen; that is, if is composed of 16 digits 
and characters. Many digital systems process binary data in groups that are 
multiples of four bits, making the hexadecimal number very convenient because 
each hexadecimal digit represents a four-bit binary number (as listed in Table 
2-2). 

Ten digits and six alphabetic characters make up this number system. А sub- 
script 16 indicates a hexadecimal number. 
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TABLE 2-2 


Binary-to-Hexadecimal Conversion 


Converting a binary number to hexadecimal is a straightforward procedure. Sim- 
ply break the binary number into four-bit groups starting at the binary point, and 
replace each group with the equivalent hexadecimal symbol. 


EXAMPLE Convert the following binary numbers to hexadecimal: 
2-6 (a) 1100101001010111, (Б) 111111000101101001, 
(c) 1110011000.111, 


Solutions 
(a) 1100101001010111, (b) 00111111000101101001; 
[з y 


tu An ein 1-569990. 


Hexadecimal-to-Binary Conversion 


To convert from a hexadecimal number to a binary number, reverse the process 
and replace each hexadecimal symbol with the appropriate four bits. 


EXAMPLE 
2-27 
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Determine the binary numbers for the following hexadecimal numbers: 
(а) 10A4,, (b) CF83, (© 942, (d) D2E.8,, 


Solutions 


1046 


ч У 


у 


1000010100100, 


9742 
Ө i 


جن ےا ہن ———— —————— 
,110100101110.1000 1001011101000010 


The use of letters to represent quantities may seem strange at first, but keep 
in mind that any number system is only a set of sequential symbols. If we 
understand what these symbols mean in terms of quantities represented, then the 
form of the symbols themselves is unimportant once we get accustomed to using 
them. 

It should be clear that it is much easier to write the hexadecimal number than 
the equivalent binary number, and since conversion is so easy, the hexadecimal 
system is a "natural" for representing binary numbers and digital codes. 


Counting in Hexadecimal 


How do we count in hexadecimal once we get to F? Simply start over with another 
column and continue as follows: 


10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 1A, IB, IC, ID, IE, IF, 
20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 2A, 2B, 2C, 2D, 2E, 2F, 
30, 31, and so forth 


With two hexadecimal digits, we can count up to FF,g, which is 255,9. To 
count beyond this, three hexadecimal digits are needed. For instance, 100,4 is 
decimal 256,0, 101,, is decimal 257,9, and so forth. The maximum three-digit 
hexadecimal number is ЕЕЕ, or 4095,,. The maximum four-digit hexadecimal 
number is FFFF,,, which is 65,5350. 


Hexadecimal-to-Decimal Conversion 


One way to evaluate a hexadecimal number in terms of its decimal equivalent is to 
first convert the hexadecimal number to binary and then convert from binary to 
decimal. The following example illustrates this procedure. 


EXAMPLE 


2-28 


EXAMPLE 
2-29 
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Convert the following hexadecimal numbers to decimal: 
(а) 1Св (b) 24855 


Solutions 


24 + 23 + 22 
16+8+4 
2816 


101010000101, = 2!! + 29 + 27 + 22 + 20 


— Se 
1010 1000 0101, 2048 + 512 + 128 + 4 + 1 
= 2693, 


Another way to convert a hexadecimal number to its decimal equivalent is 
by multiplying each hexadecimal digit by its weight and then taking the sum of 
these products. The weights of a hexadecimal number are increasing powers of 16 
(from right to left). For a four-digit hexadecimal number the weights are 

163 162 161 16° 
4096 256 16 1 


The following example shows this conversion method. 


Convert (a) E5,, and (b) B2F8,, to decimal. 


Solutions 
(а) Е56 = Ех 16+5x1=14x 16+5x1= 


Вх 4096 +2 х 256+ F x 16 + 
11 x 4096 +2 x 256 + 15 x 16 + 
45,056 +512 + 240 n 
45,81610 


(b B2F8,, 


ини 


Decimal-to-Hexadecimal Conversion 


Repeated division of a decimal number by 16 will produce the equivalent hex- 
adecimal number formed by the remainders of each division. This is similar to the 
repeated division-by-2 for decimal-to-binary conversion and repeated division- 
by-8 for decimal-to-octal conversion. 


52 NUMBER SYSTEMS AND CODES 


The following example illustrates this procedure. 


EXAMPLE Convert, 6500 to hexadecimal by repeated division-by-16,9- 
2-30 
Solution 


(LSD) 


(MSD) 


Therefore, 650 = 28А. 


Hexadecimal Addition 


Addition can be done directly with hexadecimal numbers by remembering that the 

hexadecimal digits 0 through 9 are equivalent to decimal digits 0 through 9 and that 

hexadecimal digits A through F are equivalent to decimal numbers 10 through 15. 
When adding two hexadecimal numbers, use the following rules: 


1. In any given column of an addition problem, think of the two hexa- 
decimal digits in terms of their decimal value. For instance, 516 = 510 
and Cy, = 12,9. 

2. If the sum of these two digits is 15, or less, bring down the correspond- 
ing hexadecimal digit. 

3. If the sum of these two digits is greater than 15,9, bring down the amount 
of the sum that exceeds 16,9 and carry a 1 to the next column. 


EXAMPLE Add the following hexadecimal numbers: 
2-31 (а) 2316 + 1616 (b) 5816 + 2216 (с) 2B;s + 8416 
(d DFs + АС 
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Solution 


right column: 310 + би = 91, = 9,6 
left column: 2 1 210 + lio = 310 = 316 


right column: 810 + 2,9 = 10, = Ав 
left column: 510 + 210 = 7,9 = 716 


right column: = По + 4% = 150 = Fie 
left column: : 216 + 816 = 20 + 819 = 100 = Аб 


right column: Fy, + Cie = 15,9 + 12 = 27% 
2719 = 1619 = Пу = By, with a 1 carry 

left column: | Dj + Ais + lie = 13,9 + 1019 + lio = 2410 
2410 — 16,9 = 8,9 = 85 with a 1 carry 


Hexadecimal Subtraction Using 2's Complement Method 


Since a hexadecimal number can be used to represent a ary number, it can also 
be used to represent the 2's complement of a binary nu nber. For instance, the 
hexadecimal representation of 11001001, is C9,,. The 2's complement of this 
binary number is 00110111, which is written in hexadecimal as 37,6- 

As you have learned, the 2's complement allows us to subtract by adding 
binary numbers. We can also use this method for hexadecimal subtraction, as the 
following example shows. 


EXAMPLE Subtract the following hexadecimal numbers: 


2-32 (а) 8415 – 2Ау (b C3 - Ву 


Solution 
(а) 2А, = 00101010, 


2's complement of 2A,, = 11010110 = Об, 


8416 
+06, Add. 
ЕА, 


5А; Drop carry as іп 2's complement addition. 
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(b) 0B,, = 00001011, 
2’s complement of ОВ в = 11110101 = F5,& 


Add. 


Drop carry. 


1. Convert the binary numbers to hexadecimal. 
(a) 10110011, (b) 110011101000, 

2. Convert the hexadecimal numbers to binary. 
(а) 57, (b 3AS, © FS80B,, 

3. Add the hexadecimal numbers directly. 
(a), 18,, 345 (b ЗЕ, 2A, 

4. Subtract the hexadecimal numbers. 
(а) 75, = 2115 (b) 94, — 5С 


BINARY CODED DECIMAL (BCD) 


As you have learned, decimal, octal, and hexadecimal numbers can be repre- 
sented by binary digits. Not only numbers, but letters and other symbols, can be 
represented by 1s and Os. In fact, any entity expressible as numbers, letters, OF 
other symbols can be represented by binary digits, and therefore can be processed 
by digital logic circuits. 

Combinations of binary digits that represent numbers, letters, or symbols 
are digital codes. In many applications, special codes are used for such auxiliary 
functions as error detection. 


The 8421 Code 


The 8421 code is a type of binary coded decimal (BCD) code and is composed 0 
four bits representing the decimal digits 0 through 9. The designation 8421 indi: 
cates the binary weights of the four bits (23, 22, 2!, 29). The ease of conversio! 
between 8421 code numbers and the familiar decimal numbers is the main advan 
tage of this code. The 8421 code is the predominant BCD code, and when we refi 

to BCD, we always mean the 8421 code unless otherwise stated. 

Binary coded decimal means that each decimal digit is represented by à 
binary code of four bits. All you have to remember are the ten binary combina 
tions that represent thc ten decimal digits as shown in Table 2-3. li 

You should realize that with four bits, sixteen numbers (24) can be repre 
sented, and that in the 8421 code only ten of these are used. The six code 


EXAMPLE 
2-33 
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TABLE 2-3 The 8421 BCD 
8848. " 8421 (BCD) еси 


combinations that are not used—1010, 1011, 1100, 1101, 1110, and 1111—are 


` invalid in the 8421 BCD code. 


To express any decimal number in BCD, simply replace each decimal digit 
by the appropriate four-bit code, as shown by the following example. 


Convert each of the following decimal numbers into BCD: 


(а) 3 (b) 92 (©) 18 (а) 348 (е) 65 (f) 92 
(=) 150 (h) 321 (i) 1472 


Solutions 
(d) 


ПА 


0001 1009 0011 0100.1000 


(с 


HEC o or 


0110 0101 1001 0010 0001 0101 0000 0011 0010 0001 


0001 0100 0111 0010 
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It is equally easy to determine a decimal number from a BCD number. Start | 
at the decimal point and break the code into groups of four bits. Then write the _ 
decimal digit represented by each four-bit group. An example illustrates. ч 


Find the decimal numbers represented by the following BCD codes: 


(а) 10000110 (Б) 00110001 (c) 01010011 (d) 100101110100 
(e) 0001100001100000.0111 


Solutions 


(а) 1000 0110 (b) 0011 0001 © 0101 0011 
у Vd + 4 
$& | 6 Boc $ 52d 


(d) 1001 0111 0100 (e) 0001 1000 0110 0000.0111 
| 


| о СаО on 474 
gui Aq cw Нов qu 67279. 7 


BCD Addition 


BCD is a numerical code, and many applications require that arithmetic opera- 
tions be performed. Addition is the most important operation because the other . 
three operations (subtraction, multiplication, and division) can be accomplished _ 
using addition. Here is how to add two BCD numbers: | 


1. Add the two numbers, using the rules for binary addition in Section 2-4. 

2. Ifa four-bit sum is equal to or less than 9, it is a valid BCD number. 

3. If a four-bit sum is greater than 9, or if a carry-out of the group is | 
generated, it is an invalid result. Add 6 (01105) to the four-bit sum in ^ 
'order to skip the six invalid states and return the code to 8421. If a carry _ 
results when 6 is added, simply add the carry to the next four-bit group. ` 


Several examples illustrate BCD addition for the case in which the sum of 
any four-bit column does not exceed 9. 


Add the following BCD numbers (the decimal addition is shown for compar- 


ison): 
(a) 0011 3 (b) 0110 6 
+0100 +4 +0010 +2 
0111 Ta 1000 810 
(œ 0010 0011 23 (9) 1000 0110 86 
+0001 0101 +15 +0001 0011 +13 


0011 1000 3810 1001 1001 9910 
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(e) 0100 0101 0000 450 (f) 1000 0111 0011 873 
+0100 0001 0111 +417 +0001 0001 0010 +112 
1000 0110 0111 867,6 1001 1000 0101 985 10 


Note that in each case the sum іп апу four-bit column does not exceed 9, and 
the results are valid BCD numbers. 


Next, we deal with the case of an invalid sum (greater than 9 or a carry) by 
illustrating the procedure with several examples. 


EXAMPLE Add the following BCD numbers: 
1-30 (а) 1001 


Invalid BCD number (> 9) 
Add 6. 
Valid BCD number 


Invalid because of carry 
Add 6. 
Valid BCD number 


Right group is invalid (> 9), 
left group valid. Add 6 
to invalid code (add 
carry, 0001, to next group). 
Valid BCD number 


0110 0111 
+0101 0011 
1011 1010 Both groups are invalid (> 9). 
+0110 +0110 Add 6 to both groups. 
0010 0000 Valid BCD number 
} { 
2 010 


58 


SECTION 
REVIEW 
2-9 


2-10 


NUMBER SYSTEMS AND CODES 


1. What are the binary weights of each | in the following BCD numbers? 


(а) 0010 (b) 1000 (е) 0001 (4) 0100 


2. Convert the following decimal numbers to BCD: 


(a) 6 (b) I5 (с) 273 (d) 84.9 


. 3. What decimal numbers are represented by each BCD code? 


(a) 10001001 (b) 001001111000 (е) 00010101.0111 


DIGITAL CODES 


The Gray Code 


The Gray code is an unweighted code, which means that there are no specific 
weights assigned to the bit positions. The Gray code exhibits only a single-bit 
change from one code number to the next. This property is important in many 
applications, such as shaft position encoders, where error susceptibility increases 
with the number of bit changes between adjacent numbers in a sequence. The 
Gray code is not an arithmetic code. 

Table 2-4 is a listing of four-bit Gray code numbers for decimal numbers 0 
through 9. Like binary, the Gray code can have any number of bits. Notice the 
single-bit change between successive code numbers. Binary numbers are shown 
for reference. For instance, in going from decimal 3 to 4, the Gray code changes 
from 0010 to 0110, while the binary code changes from 0011 to 0100, a change of 
three bits. The only bit change is in the third bit from the right in the Gray code; 
the others remain the same. 


Binary-to-Gray conversion By representing the ten decimal digits with a four-bit 
Gray code, we have another form of BCD code. The Gray code, however, can be 
extended to any number of bits, and conversion between binary code and Gray 


TABLE 2-4 Four-bit Gray 
code. 


Decimal i Gray 
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code is sometimes useful. First, we will discuss how to convert from a binary 
number to a Gray code number. The following rules apply: í 


1. The most significant digit (left-most) in the Gray code is the same as the 
corresponding digit in the binary number. 

2. Going from left to right, add each adjacent pair of binary digits to get the 
next Gray code digit. Disregard carries. 


For example, let us convert the binary number 10110, to Gray code. 
Step 1. The left-most Gray digit is the same as the left-most binary digit. 
1 0 1 1 0 Binary 


1 Сгау 
Step 2. Add the left-most binary digit to the adjacent one. 


Binary 
Gray 
Step 3. 


Binary 


Gray 
Step 4. Add the next adjacent pair and discard carry. 


1 0 0 Binary 


ос 


1 1 1 Gray 
Step 5. Add the last adjacent pair. 

1 0 1 Binary 

1 1 1 0 1 Gray 


The conversion is now complete and the Gray code is 11101. 
Gray-to-binary conversion To convert from Gray code to binary, a similar 
method is used, but there are some differences, The following rules apply: 


1. The most significant digit (left-most) in the binary code is the same as 
the corresponding digit in the Gray code. 
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2. Add each binary digit generated to the Gray digit in the next adjacent 
position. Disregard carries. 


For example, the conversion of the Gray code number 11011 to binary is as 
follows: 


Step 1. The left-most digits are the same. 
1 1 0 1 1 Gray 
} 
1 Вїпагу 


Step 2. Add the last binary digit just generated to the Gray digit in the next 
position. Discard carry. VA 


1 0 1 1 Gray 


Binary 
Step 3. Add the last binary digit generated to the next Gray digit. 
1 


1 1 1 Gray 


1 Binary 
Step 4. Add the last binary digit generated to the next Gray digit. 


1 1 0 


1 Gray 
1 0 Binary 
Step 5. .Add the last binary digit generated to the next Gray digit. Discard carry. 
1 1 0 1 Gray 
1 0 0 Binary 
This completes the conversion. The final binary number is 10010). 


The Excess-3 Code 


The Excess-3 is a digital code that is derived by adding 3 to each decimal digit and 
then converting the result to four-bit binary. Since no definite weights can be 
assigned to the four digit positions, Excess-3 is an unweighted code. For instance, 
the Excess-3 code for the decimal 2 is 
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N 


+3 
5— 0101 


The Excess-3 code for the decimal 9 is 


9 
+3 
12 — 1100 


The Excess-3 code for each decimal digit is found by the same procedure, and the 
entire code is shown in Table 2-5. 


TABLE 2-5 Excess-3 code. П 


Decimal BCD Excess-3 


Notice that ten of a possible 16 code combinations are used in the Excess-3 
code. The six invalid combinations are 0000, 0001, 0010, 1101, 1110, and 1111. 


Self-Complementing Property 


The key feature of the Excess-3 code is that it is self-complementing. That is, the 
I's complement of an Excess-3 number is the Excess-3 code for the 9's comple- 
ment of the corresponding decimal number. For example, the Excess-3 code for 
decimal 4 is 0111. The 1’s complement of this is 1000, which is the Excess-3 code 
for the decimal 5 (and 5 is the 9's complement of 4). 

It should be noted that the 1’s complement is easily produced with digital 
logic circuits by simply inverting each bit. The self-complementing property 
makes the Excess-3 code useful in some arithmetic operations, because subtrac- 
tion can be performed using the 9's complement method. 

Table 2-6 shows that the 1’s complement of each Excess-3 number is the 
Excess-3 code for the 9's complement of the corresponding decimal digit. 


EXAMPLE Convert each of the following decimal numbers to Excess-3 code: 
2-37 (a) 13 (b) 159 (с) 35 (d) 430 (e) 87 
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Solutions 


First, add 3 to each digit in the decimal number, and then convert each , 
resulting sum to its equivalent binary code. 


1 


= 

& «l5 _ 

= 

S albu 

= 

= alt; © 

$t uA 
«alt > E Salt © 


Excess-3 for 1310 


Excess-3 for 159,0 


+ 
ww 


o Ae 


اي 


e 
= 
= 
e 
= 
= 
© 
= 


Excess-3 for 3510 Excess-3 for 430,0 


> 
lwo © 
ү, T 3 4 


сга 
1 


1011 1010 Excess-3 for 87,9 


$ Alphanumeric Codes 


. In order to communicate, we need not only numbers, but also letters and other 


symbols. In the strictest sense, codes that represent numbers and alphabetic 


characters (letters) are called alphanumeric codes. Most of these codes, however, 


also represent symbols and various instructions necessary for conveying intelligi- 
ble information. 


1 


TABLE 2-6 


Excess-3 бот Complement Decimal Digit 9's Complement 


TABLE 2-7 American Standard Code for Information Interchange. 


MSBs 


111 (7) 


0010 (2) 
0011 (3) 
0100 (4) 
0101 (5) 
0110 (6) 
0111 (7) 


1001 (9) 
1010 (A) 


1011 (B) | 
1100 (С) 
1101 (D) 


1110 (E) 


1111 (F) 


Definitions of control abbreviations: ` 


ACK Acknowledge FS Form separator 

BEL Bell GS Group separator 

BS Backspace HT Horizontal tab 

CAN Cancel . LF Line feed 

CR Carriage return NAK Negative acknowledge 
DC,-DC, Direct control NUL Null 

DEL Delete idle RS _ Record separator 
DLE Data link escape SI Shift in 

EM End of Medium SO Shift out 

ENQ Enquiry SOH Start of heading 

EOT End of transmission STX Start text 

ESC Escape SUB Substitute 

ETR End of transmission block SYN  Synchronous idle 
ETX End text — US Unit separator 

FF Form feed VT Vertical tab р 


NOTE: The hexadecimal digit representing each bit pattern is shown in parentheses. 
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At a minimum, an alphanumeric code must represent ten decimal digits and 
26 letters of the alphabet, for a total of 36 items. This requires six bits in each code 
combination because five bits are insufficient (25 = 32). There are 64 total 
combinations of six bits, so we have 28 unused code combinations. Obviously, in 
many applications, symbols other than just numbers and letters are necessary to 
communicate completely. We need spaces to separate words, periods to mark the 
end of sentences or for decimal points, instructions to tell the receiving system 
what to do with the information, and more. So, with codes that are six bits long, 
we can handle decimal numbers, the alphabet, and 28 other symbols. This should 
give you an idea of the requirements for a basic alphanumeric code. 


ASCII One standardized alphanumeric code, called the American Standard 
Code for Information Interchange (ASCII), is perhaps the most widely used type. 
It is a seven-bit code in which the decimal digits are represented by the 8421 BCD 
code preceded by 011. The letters of the alphabet and other symbols and instruc- 
tions are represented by other code combinations as shown in Table 2-7. For 
instance, the letter A is represented by 1000001 (41,4), the comma by 0101100 
(2C,,), and ETX (end of text) by 0000011 (03,6). 


EBCDIC Another alphanumeric code also frequently encountered is called the 
Extended Binary Coded Decimal Interchange Code (EBCDIC). This is an eight- 
bit code in which the decimal digits are represented by the 8421 BCD code 
preceded by 1111. Both lowercase and uppercase letters are represented in 
addition to numerous other symbols and commands, as shown in Table 2-8. For 
example, uppercase A is 11000001, and lowercase a is 10000001. 

The coverage of codes in this section is not intended to be comprehensive, 
but it is intended to serve as an introduction to how information can be repre- 
sented by combinations of bits. Code applications, including codes for error 
detection, are introduced at various points throughout the book, and you will gain 
additional exposure at that time. Also, Appendix C provides an introduction to 
error-detection and error-correction codes as optional material. 
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1. Convert the following binary numbers to the Gray code: 
(а) 1100, (b) 1010, (е) 11010, (d) 101110, 

2. Convert the following Gray codes to binary: 
(a) 1000 (b) 1010 (е) 11101 (d) 00110 

3. Convert the following decimal numbers to Excess-3 code: 
(а) 3,4, (b ISo (©) 87, (d) 349, 

4. What is the ASCII representation for each of the following characters? 
Express each as a bit pattern and in hexadecimal notation. 
(à К г (0$ (d + 

5. What does 11000010 represent in EBCDIC? The left-most bit is position 0 in 
this case. 


EE 004 0505 27 اا‎ omen 
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TABLE 2-8 Partial EBCDIC table. 


Bit positions 0, 1 > 


Bit positions 2, 3 — 3251002060005 1 


Bit positions 4, 5, 6, 7 
0000 


1001 
1010 р 
1011 
1100 
1101 
1110 
1111 


Definitions of control abbreviations: 


BS Backspace LC Lowercase Meanings of unfamiliar symbols: 
BYP Bypass LF Line feed’ | Vertical bar: logical OR 
CC Cursor control NL New line 7] Logical NOT 

CUI Customer use PF Punch off =  Hyphen or minus sign 
CU2 Customer use PN Punch on — Underscore (01101101) 
CU3 Customer use PRE Prefix Example of code format: 
DL Delete RES Restore 01234567 Ви positions 
DS Digit select RS Reader stop 11000110 is Е 

.EOB End of block SM Set mode 

EOT End of transmission SP расе 

FS Field separator TM Tape mark 

HT Horizontal tab UC  Uppercase 

IL Idle 
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The 9's complement of a decimal number is derived by subtracting each digit in the 
decimal number from 9. 

The 10's complement of a decimal number is the 9's complement plus 1. 

Subtraction can be accomplished by addition using the 9's complement or 10's comple- 
ment methods. 

The binary number system has a base of two and consists of two digits (called bits), 1 
and 0. 

А binary number is a weighted number with the weight of each whole number digit 
from least significant (29) to most significant being an increasing positive power of two. 
The weight of each fractional digit beginning at 2-1 is an increasing negative power of 
two. 

The basic rules for binary addition are 


0+0= 0 
0+1= I 
1+0= 1 
1 + 1 = 10, 
The basic rules for binary subtraction are 
0-0 =0 
1-1=0 
1-0=1 


10,-1=1 


The Гз complement of a binary number is derived by changing Is to 0$ and 0s to Is. 
The 2's complement of a binary number is derived by adding 1 to the 1’s complement. 
Binary subtraction can be accomplished by addition using the 1°s or 2’s complement 
methods. : 

A decimal whole number can be converted to binary by using the. sum-of-weights or the 
repeated division-by-2 methods. 

A decimal fraction can be converted to binary by using the sum-of-weights or the 
repeated mutiplication-by-2 methods. 

The octal number system has a base of eight and consists of eight digits (0 through 7). 
A decimal whole number can be converted to octal by using the repeated division-by-8 
method. i 

Octal-to-binary conversion is accomplished by simply replacing each octal digit with its 
three-bit binary equivalent. The process is reversed for binary-to-octal conversion. 
The hexadecimal number system has a base of sixteen and consists of 16 digits and 
characters (0 through 9 and A through F ). 

One hexadecimal digit represents a four-bit binary number, and its primary usefulness 
is simplifying bit patterns by making them easier to ''read."' 

BCD (Binary Coded Decimal) represents each decimal digit by a four-bit binary 
number. Arithmetic operations can be performed in BCD. 

The main feature of the Gray code is the single-bit change going from one number in 
sequence to the next. 
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The ASCII (American Standard Code for Information Interchange) is a seven-bit 
alphanumeric. code. The EBCDIC (Extended Binary Coded Decimal Interchange 
Code) is an eight-bit code. These codes are commonly used in data transfer and 
computer interface applications. 


——————— aaaaaaÃħĂI 


1. 


2. 


What is the base of the decimal number system? This means that there are 
An: digits in the system. 

Break each decimal number down into a sum of products of the digits and their 
appropriate weights. : ; 

(а) Bo ( 39, (© 1473, (d) 10,956, 

Find the 9’s complement of each decimal number. 

(à 57, ^ (b 892, (с) 3347, 

Find the 10's complement of each decimal number. 

(а) Bo (b) 57, © 1964, (d) 8840, 

Write the sequence of binary numbers for the decimal numbers 32 through 42. 
Find the decimal equivalent of each binary number. 

(a) 1101, (b) 100101, (c) 11011101, 

(d) 1011.011, (e) 1110.1011, 

Perform the indicated operations. 

(a) 110, + Oll, — (b) 11010, + 01111, 

(с) 110, — 010, (d) 11011, — 10110, 

(€) 101, x 111, (f) 1110, + 0111, 

Convert each binary number to its 1’s complement and then to its 2's complement. 
(а) 110101, - (b) 0001101, 

Express each of the following decimal numbers in binary: 

(а) !7, Ф) 102, © 5554 (d) 72.66, 

What is the base of the octal number system? This means that there are 
— — — — — digits in the system. 

Convert each decimal number to octal. 

(а) l6, (b) 4, (с) 380, 

Express each octal number in binary. 

(а) 7041, (b) 65315, 

Express the binary number 100101111000010110010, in octal. 

What is the hexadecimal representation for 
100011000101111100111101000100001011,? 

What binary number does 5A34F,, represent? 

Write the hexadecimal sequence for decimal 0, through 32,9. 

Convert each decimal number to BCD. 

(а) 23, (b 79, © 78, (d) 954.615 

What decimal number does the BCD sequence 0100100110000110 represent? 
Convert 101011011, to Gray code. 

What binary number does the Gray code 1100100 represent? 

What is the key feature of the Excess-3 code? 

Determine the ASCII representations for H, X, :, =, and %. 
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PROBLEMS 


LL 


Section 2-2 


2-1 


Determine the 9's complement of each decimal number. 
(a) 3% (b) 5, (©) 8% (d) 12, 

(е) 17, (f) 25, (2) 49, (h) 86,, 

() 127,9 (j) 38 (к) 690,4 () 13544 


2-2 Perform the following subtractions using the 9's complement method: 
(а) 6,9 — 210 (b) 15,9 — 70 (с) 2319 — 140 (d) 48,9 — 334, 
(е) 69,4 — 6810 (f) 91, — 70, (в) 98 — 5910 (h) 1004, — 821 
2-3 Determine the 10's complement of each decimal number. 
(а) 7, (b 190 © 36 
(d) 52, (е) 8410 (f) 9010 
2-4 Perform the following subtractions using the 10° complement method: 
(а) 1150 — 9210 (b) -159,0 — 12510 (с) 29819 — 200, 
(d) 561 — 44349 (e) 846,, — 709,, (f) 1024, — 8371 
Section 2-3 
2-5 Convert the fc'!uwing binary numbers to decimal: 
(a) 11, (b) 100, (c) 111, (d) 1000, 
(e) 1001, (f) 1100, (2) 1011, (h) 1111, 
2-6 Convert the tollowing binary numbers to decimal: 
(а) 1110, (b) 1010, (c) 11100, (d) 10000, 
(e) 10101, (f) 11101, (g 10111, в) 11111, 
2-7 Convert each binary number to decimal. 
(а) 11001.11, (b) 101010.01, (c) 1000001.111, 
(d) 1111000. 101, (e) 1011100.10101, (f) 1110001.0001., 
(в) 1011010.1010, (h) 111111, 
2-8 What is the highest decimal number that can be represented by the following number 
of binary digits (bits)? 
(а) 2% (b) 3i (©) 4,0 (d) 5,0 
(е) 6, (f) Tho (8) 810 (h) 90 
® 100 (D Io 
2-9 How many bits are required to represent the following decimal numbers? 


(а) 17, © 35, ©) 49, (d 68, 
© Blo — (D 14» ( 132, ( 205, 
© 27% 


2-10 Generate the binary count sequences for each decimal sequence. 


(а) 0, through 7, (b) 8,, through 15,5 (с) 16,, through 31, 
60) 32,9 through 63» (е) 64, through 75,, 


Section 2-4 
2-11 Add the binary numbers. 


(9 11, + 1, (5) 10, + 10, (с) 101, + 11, 
(d 111, + HO, — (e 1001, + 101, (f) 1101, + 1011, 


PROBLEMS 


2-12 Use direct subtraction on the following binary numbers: 

(а) 115.515 (b) 101, — 100, (c) 110, — 101, 

(d) 1110, — 11, (е) 1100, — 1001, (f) 11010, — 10111, 
2-13 Perform the following binary multiplications. 

(a) 11, X Il, (b) 100, x 10, (е) 111, x 101, 

(d) 1001, x 110, fe) 1101, x 1101, (f) 1110, x 1101, 
2-14 Divide the binary numbers as indicated. 

(a) 100, + 10, (b) 1001, + 11, (c) 1100, + 100, 


Section 2-5 
2-15 Determine the I's complement of each binary number. 
(a) 101, (b) 110, (c) 1010, 


. (d) 11010111, (e) 1110101, (f) 00001, 

2-16 Perform the following subtractions using the 1's complement method: 
(a) 11, — 10, (b) 100, — Il, (c) 1010, — 111, 
(d) 1101, — 1010, (е) 11100, — 1101, (f) 100001, — 1010, 
(в) 1001, — 1110, (в) 10111, — 11111, 

2-17 Determine the 2's complement of each binary number. 
(a) 10, (b) 111, (c) 1001, 
(d) 1101, (e) 11100, (f) 10011, 

2-18 Perform the following subtractions using the 2's complement method: 


(а) 10, -01 > (b) 111, — 110, (c) 1101, — 1001, 
(d) 1111, — 1101, (e) 10111, — 10011, (f) 10001, — 11100, 


(в) 10101, — 10111; (h) 1111000, — ии, 


Section 2-6 


2-19 Convert each decimal number to binary using the sum-of-weights method. 


(а) 0, — (b № © № (6 48, 
(е) 6149 (f) 9349 (в) 125, (h) 1860 
(i) 298,, 
2-20 Convert each decimal number to binary by repeated division-by-2. 
(a) 150 (b) 215 (с) 28, (d) 34, 
(e) 4010 (f) 59,, (в) 65, ( 73, 


Section 2-7 

2-21 Convert each octal number to decimal. 
(а) 12, (b) 27, (c) 56, 
(d) 64, (e) 103, (f) 557, 
(g) 163, (h) 1024, (i) 7765, 

2-22 Convert each decimal number to octal by repeated division-by-8. 
(а) 15% (b) 27, (c) 46, (9) 70% 
© 1000 (f 1420  (g 219, h) 435, 
@ 791, 

2-23 Convert each octal number to binary. 
(а) 13, (b) 57, (с) 101, 


70 


NUMBER SYSTEMS AND CODES 


2-24 


(d) 321, (e 540, (f) 4653, 

(в) 13271, (h) 45600, (i) 100213, 

(j) 103.45, 

Convert each binary number to octal. 

(a) 111, (b) 10, (е) 110111, 
(d) 101010, (е) 1100, (Є) 1011110, 


(g) 101100011001, (В) 10110000011, (i) 111111101111000, 
(j) 10011.011, 


Section 2-8 


2-25 


2-26 


2-27 


Convert each hexadecimal number to binary. 

(a) 38, (b) 59, (с) А14 (d) 5C8,, 
(e) 4100, (f) FBI7,, — (g 8A.9, 

Convert each binary number to hexadecimal. 

(а) 1110, (b) 10, (© 10111, 

(d) 10100110, (e) 1111110000, (f) 100110000010, 
Convert each hexadecimal number to decimal. 

(а) 23, Ф) 9, ©, — (d 8D, 

(е) F3 O EB, @ 5C2, (b 700, 


2-28 Convert each decimal number to hexadecimal. 
(а) 8j (b) 140 (с) 33, (d) 52% 
(e) 284,, (f) 2890,  (g 4019, (h) 6500, 
2-29 Perform the following additions. 
(а) 375 + 29,, Ф) Аб + 6B, (с) ЕР + ВВ, 
2-30 Perform the following subtractions. 
(a) 515 — 40, (b C8, – 3А, (с) ЕР = 88, 
Section 2-9 
2-31 Convert each of the following decimal numbers to 8421 BCD: 
(a) 10,5 (b 13, (c) 180 
(d) 210 (е) 25,5 (f) 36, 
(8) 441 (h) 57, (i) 69, 
(D 98,0 (К) 1255 @ 156, 
2-32 Convert each of the decimal numbers in Problem 2-31 to straight binary, and 
compare the number of bits required with that required in BCD. 
2-33 Convert the following decimal numbers to BCD: 
(a) 1040 (b 128 (©) 132,4 
(d) 150,5 (е) 186,, (f) 2104, 
(8) 359,, h) 547%  ( 1051 
(j) 2563, 
2-34 Convert each of the BCD code numbers to decimal. 
(a) 0001 (b) 0110 (c) 1001 
(d) 00011000 (e) 11001 (f) 00110010 
(g) 1000101 (h) 10011000 (i) 100001110000 
(j) 011000011001 
2-35 Convert each of the BCD code numbers to decimal. 


(a) 10000000 (b) 1000110111 
(c) 1101000110 (d) 10000100001 
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2-36 


2-37 


2-38 


(e) 11101010100 (f) 100000000000 

(g) 100101111000 (h) 1011010000011 

(i) 100100000001 1000 (D 0110011001100111 

Add the following BCD numbers: 

(а) 0010 + 0001 (b) 0101 + 0011 

(c) 0111 + 0010 (d) 1000 + 0001 

(e) 00011000 + 00010001 (f) 01100100 + 00110011 
(g) 01000000 + 01000111 (в) 10000101 + 00010011 


Add the following BCD numbers: 

(a) 1000 4- 0110 (b) 0111 + 0101 

(c) 1001 + 1000 (d) 1001 + 0111 

(e) 00100101 + 00100111 (f) 01010001 + 01011000 

(g) 10011000 + 10010111 (в) 010101100001 + 011100001000 
Convert each pair of decimal numbers to BCD and add as indicated. 
(а) 4j + Зю (b) Sio + 210 (©) 60 + 4j 

(d) 17,9 + 1249 (е) 28,9 + 23,9 (f) 65 + 5810 

(в) 1131 + 101,9 — (h) 295,9 + 157,5 


Section 2-10 


2-39 


2-41 


2-44 


In a certain application, a four-bit binary sequence recycles from 1111 to 0000 
periodically. There are four bit changes, and these changes may not occur at the 
same instant due to circuit delays. For example, if the LSB changes first, the 
number will appear as 1110 during the transition from 1111 to 0000 and may be 
misinterpreted by the system. Illustrate how the Gray code avoids this problem. 


Convert each binary number to Gray code. 
(a) 11011, (b) 1001010, (с) 1111011101110, 


Convert each Gray code to binary. 

(a) 1010 (b) 00010 (с) 11000010001 

Convert each of the following decimal numbers to Excess-3 code. 
(a) lio (b) 3,0 (с) 6,0 

(d) 1010 (е) 180 (f) 2910 

(в) 560 (в) 750 (i) 107,5 

Convert each Excess-3 code number to decimal. 

(a) 0011 (b) 1001 

(с) 0111 (d) 01000110 

(е) 01111100 (f) 10000101 

Decode the following ASCII coded message to English. Bit 7 of the first character is 
the left-most bit in the first row. 
10010011010100001100010010001000001 10100110011000 
1000010100010110001011001110001100010100111000001 
1001001 1000100001 1000101010010010001000001 1010100 
001100010001111000101100111010010011010101101001 1 
0011000100100110100110011000011100101110010011000 
0100101001100010100001000101101001010100111010000 
1001001101001010000011010100100100110011111001110 
00110001000001 1001 1101000100001 100001 100010011000 
0100101001100010010011001110101001110100001001001 
10100101000001 10101001001001 10011111001 1100000011 
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2-45 Convert your name and address to ASCII code. 
2-46 Convert your name and address to EBCDIC. 


ANSWERS TO SECTION REVIEWS 


Section 2-1 

1. (a) 10 (b) 100 (c) 1000 (d) 10,000 

2. (а) 5x 10-1 x I (b 1 x 100+ 3 x 10 + 7 x<1 
() 1 x 1000 + 4 x 100 + 9 x 10 +2 x<1 
(d 1 x 10,000 + 6 x 100 + 5x 10 + 8x I 


Section 2-2 
1. (а) 65 (b) 27 (c) 5419 (а) 3890 
2. (a) 07 (b 898 (с) 7262 (4) 0700 


Section 2-3 

1. 16 2. (a) 0, (b 26, © 189, (d) 6.6250 
Section 2-4 

1. (a) 10111 (b) 100100 

2. (a) 1001 (b) 0010 

3. (a) 101010 (b) 100 

Section 2-5 


1. (a) 00101 (b) 01000 (c) 110010 
2. (a) 0110 (b) —00101 


3. (a) 01001 (b) 00001 (с) 101111 
4. (a) 0101 (b -0101 
Section 2-6 


1. (a) 10111, (b) 111001, (с) 101101.1, 
2. (a) 1110, (b) 10101, (с) 0.011, 


Section 2-7 
1. (a) 5% (b) 85, 
2. (а) 142, (b) 243, 
3. (a) 100110, (b) 111010011, (с) 101110010100.011111, 
4. (a) 657, (b) 461.57, (c) 277.14, 
Section 2-8 
1. (а) B3, (b CE8,, 
2. (а) 01010111, (b) 001110100101, 
(с) 1111100000001011, 
à (а) 4С 6 (b) 69,6 


(а) 5416 (b) 38,6 


ANSWERS TO SECTION REVIEWS 


Section 2-9 

1. (a) 2 (b) 8 

2. (a) 0110 (b) 00010101 
3. (а) 89,  ( 278, 
Section 2-10 

1. (a) 1010 (b) 1111 

2. (a) пи, Ф) 1100, 

3. а) 0110 (b) 01001000 
4. (a) 1001011 —9 4B,, (b) 


(с) 0100100 — 24, (4 
11000010 — B 


n 


(© 1 (d) 4 
(c) 001001110011 (d) 10000100.1001 
(с) 157, 

(c) 10111 (d) 111001 

(c) 10110, (d) 00100, 


(© 10111010 
1110010 — 72, 
0101011 — 2B,, 


(d) 01100111H00 
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In this chapter logic gates, the basic elements 
that make up a digital system, are introduced. 
The emphasis is on the logical operation, charac 
teristics, and operating parameters. It is - 


important to know what the output of a gate 
should be for all possible input combinations and 


to understand how the electrical iov Encinas of 
a gate affect the operation. ў 

The logic symbols used to nein the 
various types of gates are in accordance with 
АМУШЕЕЕ Std. 91-1984, which was briefly dis- 
cussed in the Preface. Primarily, distinctive shape 
symbois are used to represent the logic gates, al- 
though the newer rectangular outline symbols are 
also provided. This new ANSI/IEEE standard has 
been adopted by major corporations such as 
Texas Instruments, Honeywell, General Electric. 
Signetics. Hewlett-Packard, and Control Data, to 
name a few, for use in their internal documenta- 
tion as well as in their published literature. Alf 
documentation under military contract will also 
require the standard symbols. Additionally, 
CAD/CAM (computer-aided design/computer- 
aided manufacture) libraries containing these 
symbols are being made available. 

Because of the universal use of digital inte- . 
grated circuits, from the user's standpoint the 
logic function is more important than the actual 
'component-level circuit design. A detailed cover- 
age of the circuits at the component level can be 
treated as an optional topic. For those who need 
to cover this material, a chapterlike coverage of 
digital circuit technologies is presented in Appen- 


dix A. This material can be inserted following this 


chapter or used in conjunction with it if desired: 
Omission of IC. technologies will not affect the - 


flow of material throughout the rest of the book. 
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Specific devices introduced in this chapter 
are 7404 hex inverter, 7408 quad 2-input AND 
gates, 7411 triple 3-input AND gates, 7421 dual 


‘input AND gates, 7400 quad 2-input NAND 


gates, 7410 triple 3-input NAND gates, 7426 quad 
4-input NAND gates, 7430 single 8-input NAND 
gates, 74133 single 13-inpüt NAND gates, 7432 
quad 3-input OR gates, 7402 quad 2-input NOR 
gates, and 7427 triple 3-input NOR gates, 

In this chapter, you will learn 


The logical operation of the inverter, AND 
gate, OR gate, NAND gate, and NOR gate. 
The standard symbols for each element as 
specified in АМЅІЛЕЕЕ Std. 91-1984. 

Why the NAND gate and the negative-OR 
gate are equivalent. 

Why the NOR gate and the negative-AND 
gate are equivalent. 

The definition of propagation delay time та 
logic gate and bow it is measured. 

How the power dissipation of a logic gate is 
determined. 

The definition of noise margin of a logic gate. 
The definition of fan-out. 

The types of integrated circuit Jogic families 
and how they compare in terms of their per- 
formance characteristics. 


The various gates available in the 54/74 TTL 
series. 

What precautions to take in handiing CMOS 
devices. 


How to use a data sheet to determine the per- 
formance of a logic gate. 

How to use logic probes and logic pulsers in 
troubleshooting logic gates. 

How to use the oscilioscope to measure prop- 
..agation delay time. 
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LOGIC GATES 


THE INVERTER 


The inverter (NOT circuit) performs a basic 


logic function called inversion or 


complementation. The purpose of the inverter is to change one logic level to the 
opposite level. In terms of bits, it changes a 1 to a 0 and a 0 to a 4: 


Standard logic symbols for the inverter 


are shown in Figure 3-1. Parts (a) 


and (b) of the figure show the distinctive shape symbols, and parts (c) and (d) 


show the rectangular outline symbols. In this 


text, distinctive shape symbols are 


used; however, the rectangular outline symbols are commonly found in many 
industry publications, and you should become familiar with them as well. 


ШЕ 


рї (с) Rectangular outline symbols 
with negation indicators with negation indicators 


du "oe 
-p— ГЕ 


(b) Distinctive shape symbols (d) Rectangular outline symbols 
with polari with ity indi 


polarity indicators 


polarity indicators 


FIGURE 3-1 Standard logic symbols for the inverter (ANSI/IEEE Std. 91-1984). 


The Negation and Polarity Indicators 


Li 


The negation indicator is a bubble” ( o ) appearing on the input or output of a 
logic element, as shown in Figure 3-1(a) and (c). When appearing on the input, the 


bubble means that an external 0 produces an 
output, the bubble means that an internal 1 


internal 1. When appearing on the 
produces an external 0. Typically, 


inputs are on the left of a logic symbol and outputs are on the right. 

The polarity indicator is a “triangle” ( > ) appearing on the input or output 
of a logic element, as shown in Figure 3-1(b) and (d). When appearing on the 
input, it means that an external LOW level produces an internal HIGH. When 
appearing on the output, it means that an internal HIGH produces an external 
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LOW level. Either indicator (bubble or triangle) can be used on both distinctive 
shape symbols and rectangular outlines as indicated. The shaded portion of the 
figure [part (a)] indicates the principal inverter symbol used in this text. The 
placement of the negation or polarity indicator does not imply a change in the way 
an inverter operates. 

Because positive logic (HIGH = 1, LOW = 0} is used in this text, both 
indicators are equivalent and can be interchanged. However, we will use primarily 
the negation indicator (bubble) throughout this book to represent an inversion. 

The placement of the bubble on the input or output of a logic element is 
determined by the active state of the input signal (pulse or level). The active state 
is the state (1 or 0) when the signal is considered to be present on the input. When 
the active state of the input is a 0, the bubble is placed on the input. When the 
active output state is a 0, the bubble is placed on the output. 


Inverter Operation 


When a HIGH level is applied to an inverter input, a LOW level will appear on its 
output. When a LOW level is applied to its input, a HIGH will appear on its 
output. This operation is summarized in Table 3-1, which shows the output for 
each possible input in terms of levels and bits. These tables are called truth tables. 


TABLE 3-1 Inverter truth 


tables. Input Output Input Output 


Pulsed Operation 


Figure 3-2 shows the output of an inverter for a pulse input where 1, and t, 
indicate the corresponding points on the input and output pulse waveforms. Note 
that when the input is LOW, the output is HIGH, and when the input is HIGH, the 
output is LOW, thereby producing an inverted output pulse. 


HIGH (1) у НІСН (1) 
ить > г 
1 


Input pulse Output pulse 


FIGURE 3-2 Inverter with pulse input. 


EXAMPLE А pulse waveform is applied to an inverter in Figure 3-3(a). Determine the 
3-1 output waveform corresponding to the input. 


78 


SECTION 
REVIEW 
3-1 


3-2 
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FIGURE 3-3 


(b) Output 


Solution The output waveform is exactly opposite to the input (inverted) at 
each point, as shown in Figure 3-3(b). 


1. Whena l is on the input of an inverter, what is the output? 
2. Anactive HIGH pulse (HIGH level when present, LOW level when absent) is 
required on an inverter input. 
(a) Draw the appropriate logic symbol using the distinctive shape and nega- 
tion indicator for the inverter in this application. 
(b) Describe the output signal when the pulse is present. 


THE AND GATE 


The AND gate performs logical multiplication, more commonly known as the 
AND function. The mathematical aspects of this function are discussed in Chap- 
ter 4. 

The AND gate is composed of two or more inputs and a single output, as 
indicated by the standard logic symbols shown in Figure 3-4. Inputs are on the left 
and the output is on the right in each symbol. Gates with two and four inputs are 
shown; however, an AND gate can have any number of inputs greater than one. 
Although examples of both distinctive shape symbols and rectangular outline 


etr 


Rectangular outline 
(with & qualifying symbol) 


FIGURE 3-4 Standard logic symbols for the AND gate showing two and four inputs 
(ANSI/IEEE Std. 91-1984). 


(а) Distinctive shape (b) 
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symbols are shown, the distinctive shape [shaded, part (a)] is predominantly used 
in this book. 


Logical Operation of the AND Gate 


The operation of the AND gate is such that the output is HIGH only when all of 
the inputs are HIGH. When any of the inputs are LOW, the output is LOW. 
Therefore, the basic purpose of an AND gate is to determine when certain con- 
ditions are simultaneously true, as indicated by HIGH levels on all of its inputs, 
and to produce a HIGH on its output indicating this condition. The inputs of the 
two-input AND gate in Figure 3-4 are labeled A and B, and the output is labeled 
X. We can express the gate operation with the following description: 


If A AND B are HIGH, then X is HIGH. If A is LOW, or if B is LOW, or if both A 
and B are LOW, then X is LOW. 


The HIGH level is the active output level for the AND gate. Figure 3-5 
illustrates a two-input AND gate with all four possibilities of input combinations, 
and the resulting output for each. 


HIGH 


HIGH HIGH 


HIGH 


FIGURE 3-5 All possible logic levels for a two-input AND gate. 
We generally express the logical operation of a gate with a table that lists ali 
input combinations and the corresponding outputs. This table of combinations is 


also called a truth table and is illustrated in Table 3-2 for a two-input AND gate. 
The truth table can be expanded for any number of inputs. 


TABLE 3-2 Truth table for a 
two-input AND gate. 


NOTE: 1 = HIGH, 0 = LOW 


LOGIC GATES 


Although the terms HIGH and LOW tend to give a ‘‘physical’’ sense to 
input and output states, the truth table is shown with Is and Os since a HIGH is 
equivalent to a 1 and а LOW is equivalent to a 0 in positive logic. 

For any AND gate, regardless of the number of inputs, the output is HIGH 


only when all inputs are HIGH. 
The total number of possible combinations of binary inputs is determined by 


the following formula: 
М = 2" (3-1) 


where N is the total possible combinations and n is the number of input variables. 
To illustrate, the following calculations are made using Equation (3-1): 


For two input variables: 2? = 4 
For three input variables: 2? = 8 
For four input variables: 24 = 16 


This is how we determine the number of combinations for gates with any number 
of inputs 


Pulsed Operation 


In a majority of applications, the inputs to a gate are not stationary levels but are 
voltages that change frequently between two logic levels and that can be classified 
as pulse waveforms. We will now look at the operation of AND gates with pulsed 
input waveforms. Keep in mind that an AND gate obeys the truth table operation 
regardless of whether its inputs are constant levels or pulsed levels. 

In examining the pulsed operation of the AND gate, we will look at the 
inputs with respect to each other in order to determine the output level at any 
given time. For example, in Figure 3-6, the inputs are both HIGH (1) during the 
interval ¢,, making the output HIGH (1) during this interval. During interval f2, 
input A is LOW (0) and input B is HIGH (1), so the output is LOW (0). During 
interval гу, both inputs are HIGH (1) again, and therefore the output is HIGH (1). 
During interval t,, input A is HIGH (1) and input В is LOW (0), resulting ina LOW 
(0) output. Finally, during interval (s, input A is LOW (0), input B is LOW (0), and 
the output is therefore LOW (0). A diagram of input and output waveforms 
showing time relationships is called a timing diagram. 


FIGURE 3-6 Example of pulsed A i а С A E ae 
| 


AND gate operation. | | | 
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EXAMPLE If the two waveforms are applied to the AND gate as in Figure 3-7(a), what is 
3-2 the resulting output waveform? 


Input A ; 
Output X 
Input 8 19— vik 


A and В are both HIGH. 
Therefore X is HIGH. 


FIGURE 3-7 


Solution See Figure 3-7(b). 


It is very important, when analyzing the pulsed operation of logic gates, to 
pay very careful attention to the time relationships of all the inputs with respect to 
each other and with respect to the output. 


EXAMPLE For the two input waveforms graphed in Figure 3-8(a), sketch the output 
3-3 waveform showing its proper relation to the inputs for a two-input AND gate. 


FIGURE 3-8 


4 HIGH 


LOW (UA 
Inputs | | 
в HIGH | | 
LOW 


| и 
HIGH jr H 
Output LOW (b) 


Solution The output is HIGH only when both of the inputs are HIGH. See 
Figure 3-8(b). 


EXAMPLE For the three-input AND gate in Figure 3-9(a). determine the output waveform 
3-4 in proper relation to the inputs. 
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FIGURE 3-9 


Solution See Figure 3-9(b). The output of a three-input AND gate is HIGH 
only when all three inputs are HIGH. 


SECTION 1. When is the output of an AND gate HIGH? 
REVIEW 2. When is the output of an AND gate LOW? 
3-2 3. Develop the truth table for a three-input AND gate. 


3-3 THE OR GATE 


The OR gate performs logical addition, more commonly known as the OR func- 
tion. The mathematical aspects of this operation will be covered in Chapter 4 on 
Boolean algebra. 

An OR gate has two or more inputs and one output, as indicated by the 
standard logic symbols in Figure 3-10 where OR gates with two and four inputs 


(a) Distinctive shape (b) Rectangular outline 
(with = 1 qualifying symbol) 


FIGURE 3-10 Standard logic symbols for the OR gate showing two and four inputs 
(ANSI/IEEE Std. 91-1984). 


ЖУ л, 
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are illustrated. An OR gate can have any number of inputs greater than one. 
Although both distinctive shape and rectangular outline symbols are shown for 
familiarization, the distinctive shape OR gate symbol predominantly will be used. 


Logical Operation of the OR Gate 


The operation of the OR gate is such that a HIGH on the output is produced when 
any of the inputs are HIGH. The output is LOW only when all of the inputs are 
LOW. Therefore, the purpose of an OR gate is to determine when one or more of 
its inputs are HIGH and to produce a HIGH on its output to indicate this condi- 
tion. The inputs of the two-input OR gate in Figure 3-10(a) are labeled A and B, 
and the output is labeled X. We can express the operation of the gate as follows: 


If either A OR B OR both are HIGH, then X is HIGH. If both A and B are LOW, 
then X is LOW. 


The HIGH level is the active output level for the OR gate. Figure 3-11 
illustrates the logic operation for a two-input OR gate for all four possible input 
combinations. 


LOW LOW 
HIGH ; HIGH 
Low —)_)— нон нон] )— mos 


FIGURE 3-11 All possible logic levels for a two-input OR gate. 


The logical operation of the two-input OR gate is described in the truth table 
shown in Table 3-3. The truth table can be expanded for any number of inputs; 
but regardless of the number of inputs, the output is HIGH when any of the inputs 
are HIGH. 


TABLE 3-3 Truth table for a 
two-input OR gate. 


NOTE: 1 = HIGH, 0 = LOW. 


ЕХАМРЕЕ 
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Pulsed Operation 


Let us now turn our attention to the operation of an OR gate with pulsed inputs, 
keeping in mind what we have learned about its logical operation. 

Again, the important thing in analysis of gate operation with pulsed wave- 
forms is the relationship of all the waveforms involved. For example, in Figure 
3-12, the inputs A and B are both HIGH (1) during interval гү, making the output 
HIGH (1). During interval г, input A is LOW (0), but because input B is HIGH 
(1), the output is HIGH (1). Both inputs are LOW (0) during interval 14, and we 
have a LOW (0) output during this time. During t4, the output is HIGH (1) because 
input A is HIGH (1). 

In this illustration, we have simply applied the truth table operation of the 
OR gate to each of the intervals during which the levels are nonchanging. A few 
examples further illustrate OR gate operation with pulse waveforms on the inputs. 


FIGURE 3-12 Example of A 1 0 0 1 
pulsed OR gate operation. | 


If the two waveforms are applied to the OR gate as in Figure 3-13(а), what is 
the resulting output waveform? 


(а) | | oe" ушаш Output X 


= لہا پا‎ че 
When either input or both inputs are HIGH, 
the output is HIGH. 


FIGURE 3-13 


Solution See Figure 3-13(b). The output of a two-input OR gate is HIGH when 
either or both inputs are HIGH. 
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EXAMPLE For the two input waveforms in Figure 3-14(а), sketch the output waveform ` 
3-6 showing its proper relation to the inputs for a two-input OR gate. 


FIGURE 3-14 
(a) Inputs | 
B | 
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(b) Output 
Solution When either input or both inputs are HIGH, the output is HIGH. See 


Figure 3-14(b). 


For the three-input OR gate in Figure 3-15(a), determine the output waveform 
in proper relation to the inputs. 


FIGURE 3-15 


Solution See Figure 3-15(b). The output is HIGH when any of the inputs are 
HIGH. 


SECTION 1. When is the output of an OR gate HIGH? 
REVIEW 2. When is the output of an OR gate LOW? 
3-3 3. Develop the truth table for a three-input OR gate. 
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THE NAND GATE 


The term NAND is a contraction of NOT-AND and implies an AND function with 
a complemented (inverted) output. A standard logic symbol for a two-input 
NAND gate and its equivalency to an AND gate followed by an inverter are 
shown in Figure 3-16(a). A rectangular outline representation is shown in part (b). 


(a) Distinctive shape, two-input (b) Rectangular outline, 
NAND gate and its NOT/AND two-input NAND gate 
equivalent with negation indicators with polarity indicator 


FIGURE 3-16 Standard NAND gate logic symbols.(ANSI/IIEEE Std. 91-1984). 


The NAND gate is a very popular logic function because it is a ‘‘universal”’ 
function; that is, it can be used to construct an AND gate, an OR gate, an inverter, 
or any combination of these functions. In Chapter 5 we will examine this **univer- 
sal" property of the NAND gate. In this chapter we are going to look at the logical 
operation of the NAND gate. 


Logical Operation of the NAND Gate 


The logical operation of the NAND gate is such that a LOW output occurs only 
when all inputs are HIGH. When any of the inputs are LOW, the output will be 
HIGH. For the specific case of a two-input NAND gate, as shown in Figure 3-16 
with the inputs labeled A and B and the output labeled X, we can state the oper- 
ation as follows: 


If A AND B are HIGH, then X is LOW. If A is LOW, or B is LOW, or if both A 
and B are LOW, then X is HIGH. 


Note that this operation is opposite that of the AND as far as output is concerned. 
In a NAND gate, the LOW level is the active output level. The bubble on the 
output indicates that the output is active-0. Figure 3-17 illustrates the logical 
operation of a two-input NAND gate for all four input combinations, and the truth 


HIGH HIGH 


HIGH 


то :E5— 


HIGH 
HIGH 


FIGURE 3-17 Logical operation of a two-input NAND gate. 
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table summarizing the logical operation of the two-input NAND gate is shown in 
Table 3-4. 


TABLE 3-4 Truth table for a 
two-input NAND gate. 


NOTE: 1 = HIGH, 0 = LOW. 


Pulsed Operation 


We will now look at the pulsed operation of the NAND gate. Remember from the 
truth table that any time ail of the inputs are HIGH, the output will be LOW, and 
this is the only time a LOW output occurs. The foliowing examples illustrate 
pulsed operation. 


If the two waveforms shown in Figure 3-18(а) are applied to the NAND gate, 
determine the resulting output waveform. 


Pi Aib mie 
B NA 
Bubble indicates 


an active-LOW 
output. 


м2 > 
A and В are both HIGH. 
Therefore X is LOW. 


FIGURE 3-18 


Solution See Figure 3-18(b). 


Sketch the output waveform for the three-input NAND gate in Figure 3-19(a), 
showing its proper relationship to the inputs. 


EXAMPLE 
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FIGURE 3-19 Avtar) п [3 


Solution The output is LOW only when all three inputs are HIGH. See Figure 
3-19(b). 


The NAND Gate as an Active-LOW Input OR Gate 


Inherent in the NAND gate's operation are the conditions in which one or more 
LOW inputs produce a HIGH output. If you look at Table 3-4, you will see that 
the output is HIGH when any of the inputs are LOW. These conditions can be 
stated as follows: 


If A is LOW OR В is LOW, OR if both A and B are LOW, then X is HIGH. 


Here we have an OR operation that requires one or more LOW inputs to produce 
a HIGH output and that is referred to as negative-OR. When the NAND gate is 
looking for one or more LOWs on its inputs rather than for all HIGHs, it is acting 
as a negative-OR gate and is represented by the standard logic symbol in Figure 
3-20(b). The two symbols in Figure 3-20 represent the same gate, but they also 
serve to define its role in a particular application, as illustrated by the following 
examples. 


FIGURE 3-20 Standard sym- -[ >- BDz. 
bols representing the two equiv- 
alent functions of the NAND 


gate. (a) NAND (b) Negative-OR 


The simultaneous occurrence of two HIGH level voltages must be detected and 
indicated by a LOW level output that is used to illuminate a LED. Sketch the 
operation. 


Solution This application requires a NAND function, since the output must be 
active-LOW in order to produce current through the LED when two HIGHs 


occur on its inputs. The NAND symbol is therefore used to show the operation. 
See Figure 3-21. 
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FIGURE 3-21 Example of a 
simple NAND gate application. 


Active-LOW 


EXAMPLE A gate is required to monitor two lines and to generate a HIGH level output 
3-11 used to activate an electric motor whenever either or both lines are LOW. 
Sketch the operation. 


Solution This application requires an active-LOW input OR function because 
the output has to be active-HIGH in order to produce an indication of the 
occurrence of one or more LOW levels on its inputs. In this case, the gate 
functions as a negative-OR and is represented by the appropriate symbol 
shown in Figure 3-22. A LOW on either input or both inputs causes an active- 
HIGH output to activate the motor through an appropriate interface circuit. 


FIGURE 3-22 Ге Н 
) 5 Active-HIGH Interface 
D © 


EXAMPLE For the four-input NAND gate in Figure 3-23(a), operating as a negative-OR, 
3-12 determine the output with respect to the inputs. 


Bubbles indicate 
active-LOW inputs. 


epu 


FIGURE 3-23 
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Solution The output is HIGH any time an input is LOW. See Figure 3-23(b). 


SECTION 
REVIEW 
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1. When is the output of a NAND gate LOW? 

2. When is the output of a NAND gate HIGH? 

3. Describe the functional differences between a NAND gate and a negative-OR 
gate. Do they both have the same truth table? 


THE NOR GATE 


The term NOR is a contraction of NOT-OR and implies an OR function with an 
inverted output. A standard logic symbol for a two-input NOR gate and its 
equivalent OR gate followed by an inverter are shown in Figure 3-24(a). A 
rectangular outline symbol is shown in part (b). 


А А А En 
yi Ruy B B rud 


(a) Distinctive shape, two-input (b) Rectangular outline, 
NOR gate and its NOT/OR two-input NOR gate 
equivalent with negation indicators with polarity indicator 


FIGURE 3-24 Standard NOR gate logic symbols (ANSI/IEEE Std. 91-1984). 


The NOR gate, like the NAND, is a very useful logic gate because of its 
universal property. We will examine the universal property of this gate in detail in 
Chapter 5. 


Logical Operation of the NOR Gate 


The logical operation of the NOR gate is such that a LOW output occurs when any 
of its inputs are HIGH. Only when all of its inputs are LOW is the output HIGH. 
For the specific case of a two-input NOR gate, as shown in Figure 3-24 with the 
inputs labeled A and B and the output labeled X, we can state the operation as 
follows: 


If A OR B OR both are HIGH, tlien X is LOW. If both A and B are LOW, then X 
is HIGH. 


Note that this operation results in an output opposite that of the OR gate. In 
a NOR gate, the LOW output is the active output level. As was pointed out for the 
NAND gate, the bubble on the output indicates that the function is active-0. 
Figure 3-25 illustrates the logical operation of a two-input NOR gate for all four 
possible input combinations, and the truth table for the two-input NOR gate is 
given in Table 3-5. 


ЕХАМРЕЕ 
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FIGURE 3-25 Logical operation of a two-input NOR gaie. 


TABLE 3-5 Truth table for a 
two-input NOR gate. 


NOTE: 1 = HIGH, 0 = LOW. 


Pulsed Operation 


The next three examples illustrate the logical operation of the NOR gate with 
pulsed inputs. Again, as with the other types of gates, we will simply. follow the 
truth table operation in order to determine the output waveforms. 


If the two waveforms shown in Figure 3-26(a) are applied to the NOR gate, 
what is the resulting output waveform? 


FIGURE 3-26 


A 
iD 
Whenever any input is 


HIGH, the output is 
LOW. 


Solution Whenever any input of a NOR gate is HIGH, the output is LOW. See 
Figure 3-26(b). 


Sketch the output waveform for the three-input NOR gate in Figure 3-27(a), 
showing the proper relation to the inputs. 
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FIGURE 3-27 


(b) x | [ 


Solution See Figure 3-27(b). 


The NOR Gate as an Active-LOW Input AND Gate 


The NOR gate, like the NAND, displays another aspect of its operation that is 
inherent in the way it logically functions. Table 3-5 shows that a HIGH is 
produced on the gate output only if all of the inputs are LOW. In reference to 
Figure 3-28(a), this aspect of NOR operation is stated as follows: 


If both A AND B are LOW, then X is HIGH. 


Here we have essentially an AND operation that requires all LOW inputs to 
produce a HIGH output. This is called negative-AND and is represented by the 
standard symbol in Figure 3-28(b). It is important to remember that the two 
symbols in this figure represent the same gate and serve only to distinguish 
between the two facets of the logical operation. The following two examples 
illustrate this. 


FIGURE 3-28 Standard sym- ZJ >- 4 )— 
bols representing the two equiv- 


alent functions of the NOR gate. (a) (b) 


A certain application requires that two lines be monitored for the occurrence of 
a HIGH level voltage on either or both lines. Upon detection of a HIGH level, 


the circuit must provide a LOW voltage to energize a particular indicating 
device. Sketch the operation. 


Solution This application requires a NOR function, since the output must be 
active-LOW in order to give an indication of at least one HIGH on its inputs. 
The NOR symbol is therefore used to show the operation. See Figure 3-29. 


EXAMPLE 
3-16 


EXAMPLE 
3-17 
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FIGURE 3-29 Example of a HIGH И; 
NOR gate application. = SS 


Active-LOW energizes the device. 


A device is needed to indicate when two LOW levels occur simultaneously on 
its inputs and to produce a HIGH output as an indication. Sketch the operation. 


Solution Here, an active-LOW input AND function is required, as shown in 
Figure 3-30. 


FIGURE 3-30 LOW BID. 
LOW HIGH 


For the four-input NOR gate operating as ап active-LOW input AND in Figure 
3-31(a), determine the output relative to the inputs. 


== 


FIGURE 3-31 


Solution Any time all of the inputs are LOW, the output is HIGH. See Figure 
3-3 1(b). 


хх‏ ا ل 


SECTION 
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1. When is the output of a NOR gate HIGH? 

2. When is the output of a NOR gate LOW? 

3. Describe the functional difference between a NOR gate and a negative-AND 
gate. Do they both have the same truth table? 


94 LOGIC GATES 


3-6 GATE PROPAGATION DELAY TIME 


Propagation delay is a very important characteristic of logic circuits because it 
limits the speed (frequency) at which they can operate. The terms low speed and 
high speed, when applied to logic circuits, refer to the propagation delays; the 
shorter the propagation delay, the higher the speed of the circuit. 

The propagation delay of a gate is basically the time interval between the 
application of an input pulse and the occurrence of the resulting vutput pulse. 
There are two propagation delays associated with a logic gate: 


1. 1ьні: The time between a specified reference point on the input pulse 
and a corresponding reference point on the output pulse, with the output 
changing from the HIGH level to the LOW level. 

2. (рн: The time between a specified reference point on the input pulse 
and a corresponding reference point on the output pulse, with the output 
changing from the LOW level to the HIGH level. 


Figure 3-32 illustrates these propagation delay times for both inverted and non- 
inverted outputs. 


H 
Input > Output m5 Output 
Input 


FIGURE 3-32 Propagation delay times. 


Notice that (in this case) the two delay times are measured between the 5096 
points on the leading edges of the input and output pulses and between the 50% 
points on the trailing edges of the input and output pulses. When tp;,; and tp; 7, 


are not equal, the larger value is the “worst-case” delay. 
e 


SECTION 1. Define tprp and гру. 


REVIEW 2. A positive pulse is applied to an inverter input. The time from the leading edge 
3-6 i 
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of the input to the leading edge of the output is 10 ns. The time from the 
trailing edge of the input to the trailing edge of the output is 8 ns. What are the 
values of t», y and tp,,,? What is the worst-case propagation delay time? 


POWER DISSIPATION 


EXAMPLE 
3-18 


SECTION 
REVIEW 
3-7 


The power dissipation of a logic gate equals the dc supply vo'tage Усс times the 
average supply current Icc. Normally, the value of Icc for a LOW gate output is 
higher than for a HIGH output. The manufacturer's data sheet usually specifies 
both of these values as /cc, and Icc: The average Icc is then determined based 
on a 50% duty cycle operation of the gate (LOW half of the time and HIGH half of 
the time). 


A certain gate draws 2 тА when its output is HIGH and 3.6 mA when its output 
is LOW. What is its average power dissipation if Усс is 5 V and it is operated 
on a 50% duty cycle? 


Solution The average [сс is 
_ [ссн + lcc _ 2.0 mA + 3.6 mA 


loo Se A Кү Te ВА 


The average power is 
Pavo = Veclec = (5 V2.8 mA) = 14 mW 


In a logic system, the total average supply current is determined by the sum 
of the average supply currents (Icc) of each gate in the system. This establishes 
the requirements for the power supply or battery used to power the system. For 
example, a certain logic system consists of 1000 equivalent gates, each having an 
average Icc of 2.75 mA. The total current is 1000 х 2.75 mA = 2.75 A. A battery 
must be selected that is capable of providing at least 2.75 A for a specified number 
of hours. Multiplying the amperes and the number of hours establishes the 
ampere-hour (Ah) rating of the battery. 


1. Define Icc, and Гссн. 

2. Determine the minimum ampere-hour rating of a battery required to power a 
certain digital system that draws an average supply current of 2.75 A if the 
system must operate for at least 40 hours. 
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NOISE IMMUNITY 


dc Noise Margins 


The dc noise margin of a logic gate is a measure of its noise immunity, a gate's 
ability to withstand fluctuations of the voltage levels (noise) at its inputs. Common 
sources of noise are variations of the dc supply voltage, ground noise, magnet- 
ically coupled voltages from adjacent lines, and radiated signals. The term dc 
noise margin applies to noise voltages of relatively long duration compared to a 
gate's response time. 

To learn about dc noise margins, we will define several voltages that are 
typically specified on a manufacturer's data sheet for an IC logic gate: 


Ун. = LOW level input voltage 
— HIGH level input voltage 
Vo, = LOW level output voltage 
Vou = HIGH level output voltage 


= 
E: 
П 1 


Every logic circuit has certain limits on the values of these voltages within which 
it will operate properly. To illustrate, let us discuss a logic gate that operates with 
0 V as its ideal LOW and +5 V as its ideal HIGH. These voltages will vary 
because of circuit parameters, and the gate must be able to tolerate variations 
within certain specified limits. If, for example, a LOW level input voltage range of 
0 V to 0.5 V is acceptable to a gate, then the maximum LOW level input voltage 
[Vimax] for that gate is +0.5 V. Any voltage above this value can appear as а 
HIGH to the gate. The effect of a fluctuation due to noise of the LOW level input 
voltage on the output of the gate is illustrated in Figure 3-33. 


gí Yo Potentially erroneous output 
due to input noise exceeding 
Ицтах) 


—-— Fluctuating input voltage (noise) 


FIGURE 3-33 Potential effect on an inverter (or gate) output of LOW level noise on 
the input. 


Now, if the type of logic gate we are using has a maximum LOW level output 
voltage [Vor(max)l of +0.2 V, then there is a safety" margin of 0.3 V between 
the maximum LOW level that a gate puts out and the maximum LOW level input 
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that a gate being driven can tolerate. This is called the LOW level noise margin 
and is expressed as 


Ум. hr Vi tAmux) = Vorimax) (3-2) 


Figure 3-34 illustrates the LOW level dc noise margin. In essence, there can 
be fluctuations due to noise on the line between the two gates without affecting the 
output of the second gate, as long as the peak value of these two fluctuations does 
not exceed the LOW level noise margin (У). 


Им. (LOW level 
noise margin) 


FIGURE 3-34 LOW level noise margin. 


Now let us consider the HIGH level dc noise margin of a gate. If, for 
example, a HIGH level input voltage between +5 V and +4 V is acceptable as a 
HIGH level to the gate, then the minimum HIGH level input voltage [У,у] is 
4-4.0 V. Any voltage above this value is acceptable as a HIGH to the gate, and 
any voltage below this value can appear as a LOW, as illustrated in Figure 3-35. 

Potentially 

erroneous 

output due 
to excessive 
noise on 
input 
Normal LOW 


V, goes below VjH(min): V 
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^^ 
ИЛОНА 


VoL 


по 


но 


—— — Fluctuating input voltage 


FIGURE 3-35 Potential effect on an inverter (or gate) output of HIGH level noise on 
the input. 
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Now, if the driving gate has a minimum HIGH level output voltage 
(Vorminy! Of +4.5 V, then there is a HIGH level dc noise margin of 0.5 V, ex- 
pressed as 


Умн = Vormin — ViHmin (3-3) 
Figure 3-36 illustrates the HIGH level noise margin and shows that there can 
be fluctuations due to noise on the line between the two gates without affecting the 


output of the second gate, as long as the peak value of the noise does not exceed 
Улун, the HIGH level noise margin. 


Vyg (HIGH level 
noise margin) 


FIGURE 3-36 HIGH level noise margin. 


ac Noise Margin 


The term ac noise margin applies to the noise immunity of a gate to noise of very 
short duration. A typical gate is much more immune to this type of noise because 
it often cannot respond fast enough to be affected. Therefore, ac noise margins are 
considerably higher than dc noise margins. 


SECTION 1. Define noise margin. 


REVIEW 2. Determine Vy; (LOW level noise margin) when Ум.» = 0.4 V and 
3-8 Voca = 9.1 V. 
3-9 LOADING CONSIDERATIONS 


In a digital system, you will typically find many types of digital ICs interconnected 
to perform various functions. In these situations, the output of a logic gate may be 
connected to the inputs of several other similar gates so the /oad on the driving 
gate becomes an important factor. 
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Fan-Out 


The fan-out of a gate is the maximum number of inputs of the same IC family that 
the gate can drive while maintaining its output levels within specified limits. That 
is, the fan-out specifies the maximum loading that a given gate is capable of han- 
dling. 

We will use TTL (transistor-transistor logic) to illustrate the concept of fan- 
out. A TTL gate is classified as current-sinking because when its output state is 
LOW, it accepts current from the input of the gate that it is driving. 

TTL loading is illustrated in Figure 3-37, where one TTL gate is driving 
another TTL gate. For simplicity, only the output and input portions of TTL gate 
circuits are shown. A further discussion of TTL is presented in the next section. 


TTL 
DRIVER TTL 


| LOAD 
| ag y 
| 


2d [5 mA 
| = | 


(a) HIGH output (b) LOW output 


FIGURE 3-37 TTL loading with maximum current values shown. 


When the driving gate is in its HIGH output state, the input to the load gate 
is like a reverse-biased diode. That is, there is practically no current required from 
the driving gate. Actually, fora TTL gate, a maximum of 40 pA of reverse leakage 
current flows from the driving gate into the load gate input, as shown in Figure 
3-37(a). 

When the driving gate is in its LOW output state, the input to the load gate is 
like a forward-biased diode. That is, there is a certain amount of current flowing 
out (conventional direction) of the load gate input into the driving gate output, as 
shown in Figure 3-37(b). In this case, the driving gate is sinking current from the 
load. For a TTL gate, this current is a maximum of 1.6 mA. 

There is a limitation on the total amount of current that a TTL gate can sink, 
and this sets the limit on the number of other TTL gate inputs that it can drive. 
One TTL input is termed a unit load (UL) and represents 1.6 mA that the driving 
gate must sink in the LOW state. The maximum number of unit loads that a TTL 
gate can handle is called its fan-out. 


100 
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For example, a standard TTL gate has a fan-out of 10 UL. This means that it 
can drive no more than 10 inputs of other standard TTL gates and still operate 
reliably. If the fan-out is exceeded, specified operation is not guaranteed. Figure 
3-38 shows a gate driving 10 other gates. 


FIGURE 3-38 A NAND gate Driving gate 


t Load gate 
driving I0 unit loads. 


1. Define fan-out. 

2. A standard TTL gate is driving eight standard TTL gate inputs. In the HIGH 
output state, how much output current must the driving gate be able to 
provide to the load gates? In the LOW output state, how much output current 
must the driving gate be able to sink? 


INTEGRATED CIRCUIT LOGIC FAMILIES 


In the last section, TTL (transistor-transistor logic) was introduced to illustrate 
the concept of loading. TTL and another family of logic circuits called CMOS 
(complementary metal-oxide semiconductor) are two of the most widely used 
digital integrated circuit technologies. In this section, a general comparison of 
TTL and CMOS is given, and some specific logic gate devices are introduced. 

The term TTL actually applies to a series of logic circuits: standard TTL, 
high-speed TTL, low-power TTL, Schottky TTL, low-power Schottky TTL, ad- 
vanced low-power Schottky TTL, and advanced Schottky TTL. The differences in 
these various types of TTL are in their performance characteristics, such as 
propagation delay times, power dissipation, and fan-out. The TTL family has a 
number prefix of 54 or 74 followed by a letter or letters that specify the series, as 
shown in Table 3-6. The prefix 54 indicates an operating temperature range of 
—55'C to 125°C (generally for military usage). The prefix 74 indicates a tem- 
perature range of 0°C to 70°C (for commercial use). 

TTL and CMOS differ in that TTL uses bipolar transistors in its circuit 
technology and CMOS uses field-effect transistors. Logic functions are the same, 
however, whether the device is implemented with TTL or CMOS technologies. 
The circuit technologies make a difference not in logic function, but only in 
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TABLE 3-6 TTL series designations. 


TTL Series Prefix Designation Example of Device 


performance characteristics. Generally, CMOS uses less power, is slower (longer 
propagation delays), and has less fan-out capability than TTL. There are excep- 
tions to this general comparison, as you can see in Table 3-7. 

Several series of CMOS logic are available, and they fall basically into two 
process technology categories: metal-gate CMOS and silicon-gate CMOS. The 
most recent high-speed CMOS series is designated with the prefixes 54HC or 
74HC. The 54/74 indicates that the series is pin compatible with the TTL family. 
That is, each pin on the CMOS IC package is the seme function (input, output, 
supply voltage, or ground) as the corresponding ріп «i a TTL IC package. А 
detailed coverage of TTL and CMOS interfacing is given in Chapter 11, and IC 
technologies are presented in Appendix A. Table 3-7 provides a comparison of 
some performance characteristics of CMOS and TIL. 


TABLE 3-7 Comparison of performance characteristics of CMOS.and TTL. 


CMOS* CMOS TTL Tras LL TTL TTL 
Technology (silicon-gate) ^ (metal-gate) Std. LS S ALS AS 


* Propagation delay is dependent on Усс. Power dissipation is a function of frequency. 
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Speed/Power Product 


The speed/power product is sometimes specified by the manufacturer as a mea- 
sure of the performance of a logic circuit based on the product of the propagation 
delay time and the power dissipation at a specified frequency. The speed/power 
product is expressed in units of joules, symbolized J. For example, the speed/ 
power product (SPP) of a 74HC CMOS gate at 100 kHz is 


SPP = (8 ns)(0.17 mW) = 1.36 pJ 


Specific Devices 


A wide variety of SSI logic gate configurations are available in both the TTL and 
the CMOS families. When specific devices are referenced in the SSI and MSI 
categories, standard TTL generally will be used for illustrative purposes in this 
book, although other types will occasionally be used. Keep in mind that most of 
the specific devices are also available in the other TTL series as well as in CMOS. 
Later, when LSI devices are covered, MOS devices will be referenced to a greater 
extent. 

A selection of typical logic gate devices are now presented. These devices 
are commonly housed in the dual-in-line package (DIP), as shown in Figure 3-39. 
The pin arrangements for both the 14-pin and the 16-pin DIPs are shown. Notice 
that pin 1 is to the left of the notched end of the DIP looking from the top. The dc 
supply voltage Усс. and ground are connected to pins 14 and 7, respectively (16 
and 8 for the 16-рт package). There are other pin arrangements, but this is the 
most common. 


A 


\/ TAY, 
00000000 
(a) Dual-in-line package (b) 14-Pin configuration (c) 16-Pin configuration 
(Vcc pin 14, GND pin 7) Исс pin 16, GND pin 8) 


FIGURE 3-39 Dual-in-line package (DIP) and two typical pin configurations. 


For simplicity, Усс and ground connections to each gate are normally not 
shown in a logic diagram. In Figures 3-40 through 3-44, each device is repre- 
sented by a distinctive shape logic diagram with the' pin numbers indicated in 
parentheses. Additionally, each device is shown as a rectangular outline logic 
symbol. These two representations are equivalent. 
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Hex inverter The 7404 hex inverter is a standard TTL device consisting of six 
inverters in a 14-pin package, as shown in Figure 3-40. 


(b) Rectangular outline logic symbol 
with polarity indicators. The 
inverter qualifying symbol (1) 

in the top block and 
applies to all blocks below. 


(a) Distinctive shape logic diagram 
FIGURE 3-40 7404 hex inverter (pin numbers in parentheses). 


AND gates Several configurations of AND gates are available in IC form. The 
7408 has four 2-input AND gates (quad 2-input AND); the 7411 has three 3-input 
AND gates (triple 3-input AND); and the 7421 has two 4-input AND gates (dual 
4-input AND). These gates are shown in Figure 3-41 (pp. 103-104). 


(a) 7408 Quad 2-input AND 


FIGURE 3-41 Standard TTL AND gates. 
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(c) 7421 Dual 4-input AND 


FIGURE 3-41 (Continued) | 


NAND gates А variety of NAND gates are available, including the 7400 with four 
2-input gates, the 7410 with three 3-input gates, the 7420 with two 4-input gates, 
the 7430 with one 8-input gate, and the 74133 with one 13-input gate. These gates 
are shown in Figute 3-42. Notice that the 74133 is in a 16-pin DIP. 


(а) 7400 Quad 2-input NAND 
FIGURE 3-42 Standard TTL NAND gates. 


(©) 74133 Single 13-input NAND 105 


FIGURE 3-42 (Continued) 
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OR gates The 7432 has four 2-input OR gates, as shown in Figure 3-43. 


FIGURE 3-43 7432 Quad 2-input OR gates. 


NOR gates Examples of NOR gate configurations are shown in Figure 3-44. The 
7402 has four 2-input gates, and the 7427 has three 3-input gates. 


Unused Inputs 


An unconnected input on a TTL gate acts as a HIGH because an open input 
results in a reverse-biased emitter junction on the input transistor just as a HIGH 
level does. However, due to noise sensitivity, it is best not to leave unused TTL 
inputs unconnected (or open). There are several possible ways of handling unused 
inputs: 


1. Connect unused inputs to a used input if the maximum fan-out of the 
driving gate will not be exceeded. Each additional input represents a 
unit load to the driving gate. 

2. Connect unused inputs of AND and NAND gates to the dc supply vol- 
tage (Усс) through a 1-kQ resistor. Connect unused inputs of OR and 
NOR gates to ground. 

3. Connect unused inputs to the output of a gate that is not being used. The 
unused gate output must be a constant HIGH for unused inputs of AND 
and NAND gates. 


Unused inputs of CMOS gates must be connected either to the dc supply 
voltage or to ground, depending on the type of gate. 


Handling of CMOS Devices 


CMOS devices are electrostatic-discharge sensitive and must be handled with 
caution because they can be easily damaged by electrostatic charges that are 
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(a) 7402 Quad 2-input NOR 


(b) 7427 Triple 3-input NOR 


FIGURE 3-44 Standard TTL NOR gates. 


generated and stored on surfaces of ordinary plastics, most clothing items, un- 
grounded human bodies, and other sources. You should consult the manufac- 
turer's recommended procedures before working with these devices. Several 
general precautions are as follows: 


1. CMOS devices should be shipped and stored in conductive foam. 

2. All instruments and metal benches used in assembly or test should be 
connected to earth ground. — . 

3. The handler's wrist should be connected to earth ground by a length of 
wire and a high-value resistor. 

4. Do not remove a CMOS device (or any other type) from the circuit while 


the dc poweris on. . 
5. Do not apply signals to the device while the dc power is off. 
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SECTION 1. Name the type and series of IC technology that exhibits each of the following 
REVIEW performance characteristics: 
3-10 (а) Fastest switching time (lowest propagation delay) 
(b) Lowest power dissipation 
(c). Highest fan-out (into TTL LS load) 
2. Calculate the speed/power product for an advanced Schottky (74AS) gate. 


3-11 DATA SHEET INTERPRETATION 


Specific information about operating characteristics of a particular IC family can 
be determined from data sheets published by the manufacturer. 

A typical data sheet is divided into three main sections: recommended oper- 
ating conditions, electrical characteristics, and switching characteristics. As an 


example, 


Figure 3-45 shows the arrangement of a typical data sheet for the 


5400/7400 quad 2-input NAND gate. For additional data sheets, see Appendix B. 


/ 
Explanation of Data Sheet Parameters 


The following list describes the parameters of the data sheet in Figure 3-45: 


1. 


3. 


Усс: The de voltage that supplies power to the device. Below the 
specified minimum, reliable operation cannot be guaranteed. Above 
the specified maximum, damage to the device may occur. 

Тон: The maximum output current that the gate can provide (source) to 
a load and operate reliably when the output is at the HIGH level. By 
convention, the current out of a terminal is assigned a negative value. 
Figure 3-46(a) illustrates this parameter. 

Тор: The maximum output current that the gate can sink and operate 
reliably when the output is at the LOW level. By convention, the cur- 
rent into a terminal is assigned a positive value. Figure 3-46(b) illus- 
trates this parameter. 

Ун: The value of input voltage that can be accepted as a HIGH level 
by the gate. This parameter, as well as the next three, was introduced 
in the discussion of noise margin. 

V,,: The value of input voltage that can be accepted as a LOW level by 
the gate. 

Уон: The value of HIGH level output voltage that the gate produces. 
Voz: The value of LOW level output voltage that the gate produces. 
Irn: The value of input current for a HIGH level input voltage. Figure 
3-46(c) illustrates this parameter. 

Тр; The value of input current for a LOW level input voltage. Figure 
3-46(d) illustrates this parameter. 


| so | ss | «m | so | 525 [v | 
Operating free-air 
ИКЕ ТЕЕ 


LOW level output 
current (lo) 


HIGH level output 
current (lon) рА 


(a) Recommended operating conditions 


Parameter Typical? 


HIGH level input voltage (V,,,) 


LOW level input voltage (V,,) 


HIGH level output voltage (Von) ы r v Voc = min. Іон = 
0.4 mA, V, = 0.8 V 


LOW level output voltage (Voz) 


HIGH level input current (lhu) 


LOW level input current (Ij) 


Short-circuit 
output current? (los) 


Total supply current 
with outputs HIGH (/ссн) 


Total supply current with 
outputs LOW (loci) 


LOW-to-HIGH output (torn) 


Propagation delay time, 
HIGH-to-LOW output (toy) 


(c) Switching characteristics (TA = 25°C) 


NOTES: 

1 For conditions shown as min. or max., use the appropriate value specified under recommended operating conditions 
for the applicable device type. у 

2 Typical limits are at Voc = 5.0 V, 25°C. 

3 Not more than one output should be shorted at a time. Duration of short not to exceed 1 8. 


FIGURE 3-45 
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Jon) 


[Load ] 


(a) (b) 


1н lu 
(d) 


(c) 


(e) 


FIGURE 3-46 Illustration of some data sheet parameters. 


10. Jos: The output current when the gate output is shorted to ground and 
with input conditions that establish a HIGH level output. Figure 
3-46(e) illustrates this parameter. 

11. Іссн: The total current from the Усс supply when all gate outputs are 
at the HIGH level. 

12. Ici: The total current from the Усс supply when all gate outputs are 
at the LOW level. 


SECTION 1. Using the data sheet in Figure 3-45, calculate the worst-case noise margin for 
REVIEW the 7400 gate. 
3-11 2. What is the maximum current that a 7400 gate can supply to a load when the 


output is HIGH? 


3-12 LOGIC GATE APPLICATIONS 


In this section we will look at two simple examples to illustrate how logic gates 
might be applied to practical situations. 
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AND Gate Application 


In a simple application, an AND gate can be used to detect the existence of a 
specified number of conditions and, in response, to initiate an appropriate action. 

For example, an automobile's safety system may require that an audible 
signal be produced to warn the driver that the seat belt is not engaged. The 
conditions for this are that the ignition switch be on, the seat belt be unbuckled, 
and the warning signal last for a specified time and then turn off automatically. 
The first two conditions can be represented by switch positions and the third by a 
timing circuit. 

Figure 3-47 shows an AND gate whose HIGH output activates a buzzer 
when these three conditions are met on its inputs. When the ignition switch, 
represented by 5, in the figure, is on, a HIGH is connected to the gate input A. 
When the belt is not properly buckled, switch 5, is off and a HIGH is connected to 
the gate input B. At the instant the ignition switch is turned on, the timer is 
activated and produces a HIGH on gate input C. The resulting HIGH gate output 
activates the alarm. After a specified time the timer's output goes LOW, disabling 
the AND gate and turning off the alarm. If the seat belt is buckled when the 
ignition is turned on, a LOW is applied to input B, keeping the gate output LOW, 
thus preventing the alarm from sounding. 


FIGURE 3-47 Example of an +V (HIGH) 
AND gate application. 


OR Gate Application 


As an example application of an OR gate, let us assume that in a room with three 
doors, an indicator lamp must be turned on when any of the doors is not com- 
pletely closed. 

The sensors are switches that are open when a door is ajar or open. This 
open switch creates the HIGH level for the OR gate input, as shown in Figure 
3-48. If any or all of the doors are open, the gate output is HIGH. This HIGH 
level is then used to illuminate the indicator lamp. The gate is assumed to be 
capable of supplying sufficient current to the lamp. 
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+V (HIGH) 


FIGURE 3-48 Example of an 
OR gate application. 


| Open door switches 


Lamp 
(Low) a 
SECTION 1. When is the alarm in Figure 3-47 activated? 
REVIEW 2. What change is required in Figure 3-48 if a NOR gate replaces the OR gate? 
3-12 
3-13 TROUBLESHOOTING LOGIC GATES 


Open gate inputs and outputs represent a large percentage of all digital IC failures. 
Various types of shorts account for the remaining failure modes. These include 
shorts to ground or supply voltage, shorts between traces on printed circuit 
boards, and shorted inputs and outputs due to internal gate failures. 

Figure 3-49 illustrates an open failure of a gate input and how to check for it. 
Part (a) assumes that one of the inputs of a two-input NAND gate is open. 
Troubleshooting this type of failure can be accomplished with a logic pulser and 
logic probe. Start by pulsing one of the inputs and observing the output activity 
with the logic probe as in part (b). If activity is observed, then that particular input 
and output are good. Next, pulse the other input. No activity on the output 
indicates that the input is open as shown in part (c). (See Chapter 1, section 6, for 
a discussion of logic probe operation.) 


FIGURE 3-49 Troubleshooting an open input. 


Figure 3-50 illustrates troubleshooting an open output. In part (a), one of the 
inputs is pulsed, and no activity is observed on the output. In part (b), the other 
input is pulsed, and again no activity is observed on the output. This test indicates 
that the gate output is open. 
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HIGH 


(a) ® 
FIGURE 3-50 Troubleshooting an open output. 


EXAMPLE Ву using a logic probe and pulser, you find that the 7402 gate in Figure 3-51 is 
defective. Find out the nature of the fault (internal to gate or on pc board) 
before removing what appears to be an internally defective IC. Pin 11 is HIGH. 


3-19 


FIGURE 3-51 11 
12 


13 


Solution 


(a) Pulse pin 12 and observe with the probe that pin 13 has pulse activity. It 
should be LOW due to the HIGH on pin 11. 

(b) Pulse pin 12 and read the current at pin 13 with a current tracer. Now 
pulse pin 13 and read the current at pin 12 with the current tracer. The 
same current is observed in both readings. 

(c) Pins 12 and 13 are shorted together by a solder bridge on the back of the pc 
board. Although the problem was originally located with a pulser and 
probe, the tracer added important information that kept the IC from being 
removed. 


Oscilloscope Measurements 


Although the probe and pulser provide a quick and inexpensive method for many 
troubleshooting problems, more accurate measurements are sometimes needed. 
The oscilloscope is a very useful measurement and troubleshooting tool, espe- 
cially when accurate time measurements must be made and when pulse wave- 
forms must be observed. 

An example of the application of an oscilloscope is the measurement of the 
propagation delay time of a gate, as illustrated in Figure 3-52 in which two 
waveforms are displayed on an oscilloscope screen. The 2-ns display in the upper 
right corner indicates that each major horizontal division represents a time inter- 
val of 2 ns. The 1-У display in the upper left corner indicates that each major 
vertical division represents 1 V. The upper waveform is the leading portion of the 
input pulse, and the lower waveform is the leading portion of the output pulse. 
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FIGURE 3-52 Oscilloscope measurement of propagation delay time. 


<3 


Notice that there are two horizontal divisions between the 50% point on the input 
pulse and the 50% point on the output pulse. The propagation delay time, tp,,, in 
this case, is (2 ns/div)(2 div) = 4 ns. 


SECTION 1. What does a dim light on a logic probe indicate? 


REVIEW 2. In Figure 3-52, determine the pulse amplitude of the input pulse at 14 ns past 
3-13 the 50% point on the leading edge. 
SUMMARY 
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An inverter changes a LOW level to a HIGH level (0 to 1), and vice versa. 

An AND gate produces a HIGH (1) output if and only if all of its inputs are HIGH (1). 
An OR gate produces a HIGH (1) output if any of its inputs are HIGH (1). 

ANAND gate is effectively an AND gate followed by an inverter. It produces a LOW 
(0) output if and only if all of its inputs are HIGH (1). 

A NAND gate also acts as a negative-OR gate. It produces a HIGH (1) output if any of 
its inputs are LOW (0). 

А NOR gate is effectively an OR gate followed by an inverter. It produces a LOW (0) 
output if any of its inputs are HIGH (1). 
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О A NOR gate also acts as а negative-AND gate. It produces a HIGH (1) output if and 
only if all of its inputs are LOW (0). 

C] The propagation delay time of a gate is the time interval from the leading edge of the 

input pulse to the leading edge of the output pulse or from the trailing edge of the input 

pulse to the trailing edge of the output pulse. 

The power dissipation of a logic gate is the dc supply voltage (Усс) times the average 

current drawn from the supply (сс). 

The greater the noise margin of a gate, the better its immunity to noise. 

The fan-out of a gate is the number of other gate inputs of the same family that the gate 

can drive from its output. 

TTL and CMOS are two types of digital integrated circuit technologies. CMOS gener- 

ally requires less power than TTL but is slower (has a longer propagation delay time). 
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SELF-TEST 


1. What is the output of an inverter for each of the following inputs? Which input states 
are equivalent? 
(а) HIGH (b LOW кет (d) 0 
Develop the truth table for a four-input AND gate. 
Develop the truth table for a four-input OR gate. 
Two positive pulses are applied to the inputs of a two-input NAND gate. One pulse 
begins at ¢ = 0 and ends at t = 1 ms. The second pulse begins at t = 0.8 ms and ends 
att = 3 ms. Describe the output. 
5. The same two pulses described in Problem 4 are applied to a two-input NOR gate. 
Describe the output. 
6. A positive pulse is applied to an inverter. The time interval from the leading edge of 
the input to the leading edge of the output is 10 ns. Is this parameter Грир. OF tera? 
7. If Vcc = 5 V and Icc = 2 mA, what is the power dissipation of the device? 
8. Acertain series of logic gates has a HIGH level noise margin of 0.2 V. What does this 
mean? 
9. A certain type of logic gate has а fan-out of 20. What does this mean? 
10. Which TTL series has the faster switching speed, 74L or 745? What do the prefixes L 
and $ represent? 
11. Ina certain application, propagation delay is not a major consideration, but power 
dissipation is critical. Which logic family would you use? 
12. Define the type of logic gate for each of the following: 
(a) 7400 (b) 7404 (c) 7411 (d) 7420 (e) 7432 (f) 7427 
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Section 3-1 ER 
" 3-1 The input waveform shown in Figure 3-53 is applied to an inverter. Sketch the 
output waveform in proper relationship to the input. 
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3-2 А network of cascaded inverters is shown in Figure 3-54. If a HIGH is applied to 
point A, determine the logic levels at points B through F. 


FIGURE 3-54 B с р 
А Е 
Е 
Section 3-2 
3-3 Determine the output, X, for a two-input AND gate with the input waveforms shown 
in Figure 3-55. 


FIGURE 3-55 [Енш ТЫ 
|| 


3-4 Repeat Problem 3-3 for the waveforms in Figure 3-56. 


FIGURE 3-56 A i T i T 


3-5 The input waveforms are applied to a three-input AND gate as indicated in Figure 
3-57. Determine the output waveform in proper relationship to the inputs. 


FIGURE 3-57 A M Л LJ 


3-6 The input waveforms are applied to a four-input gate as indicated in Figure 3-58. 
Determine the output waveform in proper relation to the inputs. 


FIGURE 3-58 LT TTT 
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Section 3-3 
3-7 Determine the output for a two-input OR gate using the input waveforms in Figure 
3-56. 


3-8 Repeat Problem 3-5 for a three-input OR gate. 
3-9 Repeat Problem 3-6 for a four-input OR gate. 


3-10 For the five input waveforms in Figure 3-59, determine the output for an AND gate 
and the output for an OR gate. 
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Section 3-4 
3-11 For the set of input waveforms in Figure 3-60, determine the output for the gate 
shown. 


3-12 Determine the gate output for the input waveforms in Figure 3-61. 


FIGURE 3-61 „тт М ПП ПГ 
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3-13 Determine the output waveform in Figure 3-62. 


FIGURE 3-62 A 


3-14 As you learned, the two logic symbols shown in Figure 3-63 are equivalent. The dif- 
ference between the two is strictly a matter of how we look at them from a functional 
viewpoint. For the NAND symbol, we are looking for two HIGHs on the inputs to 
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give us a LOW output. For the negative-OR, we are looking for at least one LOW on 
the inputs to give us a HIGH on the output. Using these two functional viewpoints, 
show that each gate will produce the same output for the given inputs. 


FIGURE 3-63 á i= E 
A | 1 | В 


Section 3-5 
3-15 Repeat Problem 3-11 for a two-input NOR gate. 
3-16 Determine the output waveform in Figure 3-64. 


FIGURE 3-64 А SL чаш. 


3-17 Repeat Problem 3-13 for a four-input NOR gate. 


3-18 Forthe NOR symbol, we are looking for at least one HIGH on the inputs to give usa 
LOW on the output. For the negative-AND, we are looking for two LOWs on the 
inputs to give us a HIGH output. Using these two functional points of view, show 
that both gates in Figure 3-65 will produce the same output for the given inputs. 


FIGURE 3-65 Do 
A X 
тт : 


Section 3-6 
3-19 Determine tp, ,, and tpu in Figure 3-66. 
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3-20 


Input 


5 ns/div 
2 V/div 


FIGURE 3-66 


Gate A has tp = 6 ns and tp; = 5.5 ns. Gate B has fp; = 10 ns and 
tpu = 9.2 ns. Which gate can be operated at a higher frequency than the other? 


Section 3-7 


3-21 


3-22 


3-23 


If a logic gate operates on a dc supply voltage of +5 V and draws an average current 
of 4 mA, what is its power dissipation? 

Icey, is ће dc supply current from Усс. when all outputs of an IC are HIGH. Јесу is 
the dc supply current when all outputs are LOW. For a 7400 IC determine the 
typical power dissipation when all four gate outputs are HIGH. 

Determine the typical 7400 power dissipation when two outputs are HIGH and two 
are LOW. 


Section 3-8 


3-24 


3-25 


The minimum HIGH output of a gate is 2.4 V. The gate is driving a second gate that 
can tolerate a minimum HIGH input of 2.! V. What is the HIGH level dc noise 
margin? 

The maximum LOW output of a gate is specified as 0.3 V, and the maximum LOW 
input is specified as 0.6 V. What is the LOW level dc noise rhargin when these gates 
work together? 


Section 3-9 


3-26 


If a 7400 NAND gate is driving six unit loads, determine the amount of current that it 
must be able to sink in the LOW output state. 
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3-27 A 7400 NAND gate is driving ten unit loads. How much current must it be able to 
source in the HIGH state? 


Section 3-10 

3-28 Using Table 3-7, determine which logic series offers the best performance at 
100 kHz in terms of both switching speed and power dissipation. Note: Find the 
speed/power product of each and compare the results. 

3-29 In the comparison of certain logic devices, it is noted that the power dissipation for 
one particular type increases as the frequency increases. Is the device TTL or 
CMOS? 


Section 3-11 

3-30 From the data sheet in Figure 3-45, what is the maximum supply voltage for a 5400 
gate? 

3-31 How long does it take a typical 54/74 gate output to make a transition from its LOW 
state to its HIGH state in response to an input? Refer to Figure 3-45. 

3-32 Determine the maximum LOW level output voltage from the data sheet in Figure 
3-45. 


Section 3-12 

3-33 Sensors are used to monitor the pressure and the temperature of a chemical solution 
stored in a vat. The circuitry for each sensor produces a HIGH voltage when a 
specified maximum value is exceeded. An alarm requiring a LOW voltage input 
must be activated when either the pressure or the temperature is excessive. What 
type of logic gate is required in this application? 

3-34 In a certain automated manufacturing process, electrical components аге automati- 
cally inserted in a printed circuit (pc) board. Before the insertion tool is activated, 
the pc board must be properly positioned and the component must be in the 
chamber. Each of these prerequisite conditions is indicated by a HIGH voltage. The 
insertion tool requires a LOW voltage to activate it. Draw a diagram showing the 
logic gate required to implement this process and its input and output connections to 
the system. 


Section 3-13 


3-35 Using a logic probe and pulser, a technician makes the observations indicated in 
Figure 3-67. For each observation determine the most likely gate failure. 
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Section 3-1 
1 79 2. (a) The negation symbol ( © ) on the inverter output. 
(b) Output is LOW. 


Section 3-2 
1. When all inputs are HIGH. 2. When one ог more inputs are LOW. 
3. X = 1 when ABC = 111, and X = 0 for all other combinations of ABC. 


Section 3-3 
1. When one or more inputs are HIGH. 2. When all inputs are LOW. 
3. X = 0 when ABC = 000, and X = 1 for all other combinations of ABC. 


Section 3-4 

1. When all inputs are HIGH. 2. When one or more inputs are LOW. 

3. NAND: Active-EOW output for all HIGH inputs. Negative-OR: Active-HIGH out- 
put for one or more LOW inputs. Same truth tables. 


Section 3-5 

1. When all inputs are LOW. 2. When one ог more inputs are HIGH. 

3. NOR: Active-LOW output for one or more HIGH inputs. Negative-AND: Active- 
HIGH output for all LOW inputs. Same truth tables. 


Section 3-6 

1. Грн: Propagation delay time from input to output with output changing from LOW 
to HIGH. tp,,,: Propagation delay time from input to output with output changing 
from HIGH to LOW. 

2. tp = 8ns; fpu, = 10 ns; 10 ns 


Section 3-7 

1. Icey: Supply current with gate output LOW. Icey: Supply current with gate output 
HIGH. 

2. 110 Ah 


Section 3-8 

1. A measure of noise immunity, which is the gate's ability to withstand voltage fluctu- 
ations on its inputs. 

озу 


Section 3-9 
1. The maximum number of like loads that a logic circuit can drive. 
2. 320 pA; 12.8 mA 


Section 3-10 
1. (a) TTL, AS (b) CMOS, 74HC (static), 4000 (100 КН) (с) TTL, S, AS 
2. 12,75 pJ 
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Section 3-11 
1. Ум = 0.4 У; Vy = 0.4V 2. 400 pA 


Section 3-12 

1. When the seat belt is unhooked, the ignition is on, and the timer is running. 
2. The lamp must be connected to + V rather than to ground. 

Section 3-13 

1. Open 2. 24V 


In 1854, George Boole published a book entitled 
An Investigation of the Laws of Thought on 
Which Are Founded the Mathematical Theories 
of Logic and Probabilities. It was in this publica- 
tion that a ‘logical algebra,’ known today as 
Boolean algebra, was developed. 

Boolean algebra is a set of rules, laws, and 
theorems by which logical operations can be ex- 
pressed mathematically. It is a convenient and 
systematic way of expressing and analyzing the 
operation of digital circuits and systems. 

The application of Boolean algebra to the 


" binat S bs and relays could be ; 
represented by mathematical expressions. Today, 
semiconductor circuits have largely replaced me- 
-.. chanical switches and relays. However, the same 
“logical analysis is still valid, and a basic knowl- 


electronics, = 


edge in this area is essential to the study of digital 


БЕ 
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In this chapter, you will learn 


The symbols used in Boolean algebra and the 
rules for Boolean addition and multiplication. 
How to express the logical functions of NOT, 
AND, ОВ. NAND, and NOR mathematically. 
The basic rules of Boolean algebra. 
DeMorgan's theorems and how to welds 

them. ; 

How to express logic еда mathe- i 
matically in sum-of-products or product-of- | 
sums form. 

How to simplify logic expressions using 
Boolean algebra. 

How to simplify logic expressions using = 
Karnaugh map method. : 
How to use the Karnaugh map © implement 
logic functions from truth — 
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BOOLEAN OPERATIONS 


Symbology 


In the applications of Boolean algebra in this book, we will use capital letters to 
represent variables and functions of variables. Any single variable or a function of 
several variables can have either a 1 or a 0 value. In Boolean algebra, the binary 
digits are utilized to represent the two levels that occur within digital logic 
circuits. А binary 1 will represent a HIGH level, and a binary 0 will represent a 
LOW level in Boolean equations. This is in keeping with our use in this text of 
positive logic as explained in Chapter 1. 

The complement of a variable is represented by а ‘Баг’ over the letter. For 
instance, for a variable represented by A, the complement of A is A. So if A = 1, 
then A = 0; or if = 0, then A = I. The complement of a variable A is usually 
read “A bar" or “Not A.” Sometimes a prime symbol rather than the bar symbol 
is used to denote the complement. For example, the complement of A can be 
written as А’. 

The logical AND function of two variables is represented either by writing a 
“dot” between the two variables, such as A · B, or by simply writing the adjacent 
letters without the dot, such as AB. We will normally use the latter notation 
because it is easier to write. The logical OR function of two variables is repre- 
sented by a “+” between the two variables, such as A + B. 


Boolean Addition and Multiplication 


Addition in Boolean algebra involves variables having values of either a binary 1 


‘ora binary 0. The basic rules for Boolean addition are as follows: 


0+0=0 
0+1=1 
1+0=1 
1+1=1 


Іп the application of Boolean algebra to logic circuits, Boolean addition is the 
same as the OR. Notice that it differs from binary addition in the case where two 
1$ are added. 

Multiplication in Boolean algebra follows the same basic rules governing 
binary multiplication, which were discussed in Chapter 2 and are as, follows: 


0۰0 =0 
0۰1 =0 
1۰0 =0 


1۰1 =1 


Boolean multiplication is the same as the AND. 
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SECTION 
REVIEW 
4-1 


4-2 


1. Addition in Boolean algebra is the same as the __ function. 
2. Multiplication in Boolean algebra is the same as the 1 1 1  func- 
tion. 
3. Represent each as a Boolean expression: 
(а) AANDB (b AORB 


LOGIC EXPRESSIONS 


NOT 


The operation of an inverter (NOT circuit) can be expressed with symbols as 
follows: If the input variable is called A and the output variable is called X, then 
X = A. This expression states that the output is the complement of the input, so 
that if A = 0, then X = 1, and if A = 1, then X = 0. Figure 4-1 illustrates this. 


FIGURE 4-1 The inverter com- p > 
e : A Х=А 
plements ап input variable. d 


AND 


The operation of a two-input AND gate can be expressed in equation form as 
follows: If one input variable is A, the other input variable is B, and the output 
variable is X, then the Boolean expression for this basic gate function is X — AB. 
Figure 4-2(a) shows the gate with the input and output variables indicated. 


(a) (b) (c) 
FIGURE 4-2 Boolean expressions for AND functions. 


To extend the AND expression to more than two input variables, we simply 
use a new letter for each input variable. The function of a three-input AND gate, 
for example, can be expressed as X — ABC, where A, B, and C are the input 
variables. The expression for a four-input AND gate can be X — ABCD, and so 
on. Figures 4-2(b) and (c) show AND gates with three and four input variables, 
respectively. 

An evaluation of AND gate operation can be made using the Boolean 
expressions for the output. For example, each variable on the inputs can be either 
a 1 ora 0, so for the two-input AND gate we can make the following substitutions 
in the equation for the output X: 
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А 
В 


А 
О] rt oe $—] `у—х-4+в+с 


(а) 
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A-0,B-0: Х= АВ = 0:0 = 0 
A=0,B=1: Х= АВ = 0: 1,= 0 
А=1В=0: X= АВ = 1:0 = 0 
A= (BSI X-AB-1-1-71 


The evaluation of this equation simply tells us that the output Xof an AND gate is 
a 1 (HIGH) only when both inputs are 15 (HIGHs). A similar analysis can be made 
for any number of input variables. 


OR 


The operation of a two-input OR gate can be expressed in equation form as 
follows: If one input is A, the other input is B, and the output is X, then the 
Boolean expression is X = A + B. Figure 4-3(a) shows the gate logic symbol, 


with input and output variables labeled. 
cus RE X=A+B+C+D 


(b) (c) 


cow 


FIGURE 4-3 Boolean expressions for OR functions. 


To extend the OR expression to more than two input variables, a new letter 
is used for each additional variable. For instance, the function of a three-input OR 
gate can be expressed as X = А +В + C. The expression for a four-input OR 
gate can be written as X = A + B + C + D, and so on. Figures 4-3(b) and (c) 
show OR gate logic symbols with three and four input variables, respectively. 

OR gate operation can be evaluated using the Boolean expressions for the 
output X by substituting all possible combinations of 1 and 0 values for the input 
variables, as shown here for a two-input OR gate: 


A-20B-0 X=A+B=0+0=0 
A-0B-20:X-A-B-0£41-21 
A*1,B-0: Х=А+В=1+0=1 
ША ВЫХ =A +В Иж d= 1 


This evaluation shows that the output of an OR gate is a 1 (HIGH) when any one 
or more of the inputs are 1 (HIGH). A similar analysis can be extended to OR 
gates with any number of input variables. 


NAND 


The Boolean expression for a two-input NAND gate is Х = AB. This expression 
says that the two input variables, A and B, are first ANDed and then comple- 


SECTION 
REVIEW 
4-2 


4-3 
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mented, as indicated by the bar over the AND expression. This is a logical 
description in equation form of the operation of a NAND gate with two inputs. If 
we evaluate this expression for all possible values of the two input variables, the 
results are as follows: 


A-0B209 X-A-B-20-020-21 
A=0,B=1: Х=А-В=0-1=0 = 1 
A-LB-0 Х=А-В=1-0=0= 1 
А=1,В=1: X=A-B=1-1=1=0 


Thus, once a Boolean expression is determined for a given logic function, 
that function can be evaluated for all possible values of the variables. The 
evaluation tells us exactly what the output of the logic circuit is for each of the 
input conditions, and therefore, it gives us a complete description of the circuit’s 
logical operation. The NAND expression can be extended to more than two input 
variables by including additional letters to represent all of the variables. 


NOR 


Finally, the expression for a two-input NOR gate can be written as Х = A + В. 
This equation says that the two input variables are first ORed and then comple- 
mented, as indicated by the bar over the OR expression. Evaluating this expres- 
sion, we get the following results: 


A=0,B=0: X=A+B=0+0= 0=1 
A=0,B=1: X=A+B=0+1=1=0 
A=1,B=0: X=A+4+B=1T40= 1=0 
А=1,В=1: X=A4+B=1+1= 1=0 


1. Write the output expression for a five-input AND gate with input variables A, 
В, С, О, and Е. 

2. Write the output expression for a five-input OR gate with input variables F, С, 
H, 1, and J. 

3. (a) Repeat Problem 1 for a NAND gate. 
(b) Repeat Problem 2 for a NOR gate. 


RULES AND LAWS OF BOOLEAN ALGEBRA 


As in other areas of mathematics, there are certain well-developed rules and laws 
that must be followed in order to properly apply Boolean algebra. The most 
important of these are presented in this section. 

Three of the basic laws of Boolean algebra are the same as in ordinary 
algebra: the commutative laws, the associative laws, and the distributive law. 
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Commutative Laws 
The cummutative law of addition for two variables is written algebraically as 
А+В=В+А (4-1) 


This states that the order т which the variables are ORed makes no difference. 
Remember, in Boolean algebra terminology as applied to logic circuits, addition 
and the OR function are the same. Figure 4-4 illustrates the commutative law as 
applied to the OR gate. 


FIGURE 4-4 Application of A ved B ia 
commutative law of addition. B ins dM am A Л 


The commutative law of multiplication of two variables is 
AB = BA (4-2) 


This states that the order in which the variables are ANDed makes no difference. 
Figure 4-5 illustrates this law as applied to the AND gate. 


FIGURE 4-5 Application of 10+ МЕ В В, 

commutative law of multiplica- B » [> T 

tion. 

Associative Laws 

The associative law of addition is stated as follows for three variables: 
A+(B+C)=(A+B)+C (4-3) 


This law states that in the ORing of several variables, the result is the same regard- 
less of the grouping of the variables. Figure 4-6 illustrates this law as applied to 
OR gates. 


A A 
A*B*C, A+B 
B 
B 
B+ 
с [^ e А+В+С 


FIGURE 4-6 Application of associative law of addition. 


The associative law of multiplication is stated as follows for three variables: 
A(BC) = (AB)C (4-4) 


This law tells us that it makes no difference in what order the variables are 
grouped when ANDing several variables. Figure 4-7 illustrates this law as applied 
to AND gates. 
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A A 
ABC = | АВ 
B 
с BC С АВС 
FIGURE 4-7 Application of associative law of multiplication. 


Distributive Law 
The distributive law is written for three variables as follows: 
A(B + C) = AB + AC (4-5) 


This law states that ORing several variables and ANDing the result with a single 
variable is equivalent to ANDing the single variable with each of the several 
variables and then ORing the products. This law and the ones previously C's- 
cussed should be familiar because they are the same as in ordinary algebra. Keep 
in mind that each of these laws can be extended to include any number of 
variables. Figure 4-8 illustrates this law in terms of gate implementation. 


A AB 
B B 
(B + C) 
LE X 
y Х = А 
с АС 


X = А(В + C) Х = АВ + АС 


FIGURE 4-8 Application of distributive law. 


Rules for Boolean Algebra 


Table 4-1 lists several basic rules that are useful in manipulating and simplifying 
Boolean algebra expressions. 

We will now look at rules 1 through 9 of Table 4-1 in terms of their appli- 
cation to logic gates. Rules 10 through 12 will be derived in terms of the simpler 
rules and the laws previously discussed. 

You can understand rule 1 by observing what happens when one input to an 
OR gate is always 0 and the other input, A, can take on either a 1 ora 0 value. If A 
is a 1, the output obviously is a 1, which is equal to A. If A is a 0, the output is a 0, 
which is also equal to A. Therefore, it follows that a variable ORed with a 0 is 
equal to the value of the variable (А + 0 = A). This rule is further demonstrated in 
Figure 4-9 where the lower input is fixed at 0. 

Rule 2 is demonstrated when one input to an OR gate is always 1 and the 
other input, A, takes on either a 1 or a 0 value. A 1 on an input to an OR gate 
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TABLE 4-1 Basic rules of 
Boolean algebra. 


NOTE: A, B, or С can represent a single variable or a combination 


of variables. 
FIGURE 4-9 Illustration of A= MA aeris ver! 
rule 1. í 0 
X=A+0=A 
A=0 
0 


produces a 1 on the output, regardless of the value of the variable on the other 
input. Therefore, a variable ОКей with a 1 is always equal to 1 (A + 1 = 1). This 
tule is illustrated in Figure 4-10 where the lower input is fixed at 1. 


FIGURE 4-10 Illustration of A=1 
rule 2. 1 —) > cen 


Rule 3 is demonstrated when a 0 is ANDed with a variable. Of course, any 
time one input to an AND gate is 0, the output is 0, regardless of the value of the 
variable on the other input. А variable ANDed with a 0 always produces a 0 
(A - 0 — 0). This rule is illustrated in Figure 4-11 where the lower input is fixed 
at 0. 

Rule 4 can be verified by ANDing a variable with a 1. If the variable A is a 0. 
the output of the AND gate is a 0. If the variable A is a 1, the output of the AND 
gate is a 1 because both inputs are now 15. Therefore, the AND function of a 
variable and a 1 is equal to the value of the variable (A - 1 — A). This is shown in 
Figure 4-12 where the lower input is fixed at 1. 


€ 
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FIGURE 4-11 Illustration of A=1 [> 
rule 3. 0 x=0 
X-24*0-0 
А= 
FIGURE 4-12 Illustration of A= У pth 
rule 4. 1 
X=A*1=A 
A-0 
1 


Rule 5 states that if a variable is ORed with itself, the output is equal to the 
variable. For instance, if A is a 0, then 0 + 9 = 0, and if A is a 1, then 1 + 1 = 
This is shown in Figure 4-13 where both inputs are the same variable. 


FIGURE 4-13 Illustration of A=1 BDz n 
=1 
rule 5. A=1 
X=A+A=A 
A=0 


Rule 6 can be explained as follows: If a variable and its complement are 
ORed, the result is always a 1. If Ais a0, then 0 +0 = 0 + 1 = 1. IfA isa 1, then 
1 +1 = 1+0 = I. For further illustration of this rule, see Figure 4-14 where one 
input is the complement of the other. 


FIGURE 4-14 Illustration of А= 1 
rule 6. Awe 


Rule 7 states that if a variable is ANDed with itself, the result is equal to the 
variable. For example, if A = 0, then 0 - 0 = 0, and if A = 1, then 1- 1 = 1. For 
either case, the output of an AND gate is equal to the value of the input variable A. 
Figure 4-15 illustrates this rule. 
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FIGURE 4-15 Illustration of A=1 gU 
rule 7. ASi 


Rule 8 states that if a variable is ANDed with its complement, the result is 0. 
This is readily seen because either A or A will always be 0, and when a 0 is applied 
to the input of an AND gate, it ensures that the output will be 0 also. Figure 4-16 
helps illustrate this rule. 


FIGURE 4-16 Illustration of А=1 ae 
rule 8. Яо ^0 
X= 44-0 
A=0 
A-1 


Rule 9 simply says that if a variable is complemented twice, the result is the 
variable itself. If we start with the variable A and complement (invert) it once, we 
get A. If we then take A and complement (invert) it, we get A, which is the originat 
variable. This is shown in Figure 4-17 using inverters. 


FIGURE 4-17 Illustration of =1 = 
rule 9. 4=0 > > 0 


Rule 10 is proved by using the distributive law, rule 2, and rule 4 as follows: 
A + AB = A(1 + В) distributive law 


=A:1 rule 2 
=A Tule 4 
Rule 11 is proved as follows: 
A + AB = (А + АВ) + AB rule 10 
= (AA + AB) + AB rule 7 


= АА + АВ + АА + АВ rule 8 (adding AA = 0) 
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= (A + АДА + B) by factoring 
= 1-(A + B) rule 6 
=A+B rule 4 


Rule 12 is proved as follows: 
(A + BXA + C) = АА + AC + AB + BC distributive law 
= А + AC + AB + BC rule 7 
А(1 + С) + AB + BC distributive law 


=А:1+ AB + BC rule 2 
= A(1 + В) + BC distributive law 
=A <1 + BC rule 2 
= A+ BC rule 4 
SECTION 1. Apply the associative law of addition to the expression A + (В + C + D). 
REVIEW 2. Apply the distributive law to the expression A(B + C + D). 
4-3 
4-4 DEMORGAN’S THEOREMS 


e - 


DeMorgan, a logician and mathematician who was acquainted with Boole, pro- 
posed two theorems that are an important part of Boolean algebra. They are stated 
as follows in equation form: 
AB=A+B (4-6) 
А+ В = АВ (4-7) 
The theorem expressed in Equation (4-6) can be stated as follows: 


The complement of a product is equal to the sum of the complements. 


It really says that the complement of two or more variables ANDed is the same as 
the OR of the complements of each individual variable, 

The theorem expressed in Equation (4-7) can be stated as follows: 

The complement of a sum is equal to the product of the complements. 


It says that the complement of two or more variables ORed is the same as the 
AND of the complements of each individual variable. | 
These theorems are iliustrated by the gate equivalencies and truth tables in 


Figure 4-18. 
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FIGURE 4-18 Gate equivalencies and corresponding truth tables illustrating DeMor- 
gan's theorems. 


Applying DeMorgan’s Theorems 


The following procedure illustrates the application of DeMorgan’s theorems using 
a specific expression: 


X =A + BC + DE + Е) 
Step 1. Break the bar over the entire expression and change the sign (+ to -) 
between the terms, A + BC and [ХЕ + Р): 
= (А + BODE + Р] 
Step 2. Cancel the double bars over the left term: 
X =(А + BONDE + Р) 
Step 3. Break the bar over over the term DE + Е + Е) апа change the sign ( to +) 
between D and E + F: 
= (А + BOID + (E + Р) 
Step 4. Cancel the double bars over the term Е + F: 
= (А + BOD + E + Е) 


EXAMPLE Express the following complement-of-product terms as sum-of-complements 


4-1 using DeMorgan’s theorem: 
(a) ABC (b) ABCD (с) ABCDEF 


Solutions Use DeMorgan' S theorem as expressed in Equation (4-6). 
(а) АВС =А+В+С 


ЕХАМРЕЕ 
4-2 


SECTION 
REVIEW 
4-4 


4-5 


4-5 BOOLEAN EXPRESSIONS FOR GATE NETWORKS 137 


Apply DeMorgan’s theorems to each expression. 
(a) (A+ В) +С 
(b (A B) + CD 


(с) (А + BCD+E+F 


Solutions 
a) AtB+C=A+tB-C=(A+ BC 
(b) (A + B) + CD = (A + B): CD = (A + B)CD 


(O (A+ BCD + E +F = КА + BICDKE + Е) 
= (AB + С + DEF 


1. Apply DeMorgan’s theorems to the following expressions: 
(а) X = ABC + (D + E) 
b) X = (A + BC 
(Ө Ree AR C DE 


BOOLEAN EXPRESSIONS FOR GATE NETWORKS 


The form of a given Boolean expression indicates the type of gate network it 
describes. For example, let us take the expression A(B + CD) and determine what 
kind of logic circuit it represents. First, there are four variables: A, B, C, and D. C 
is ANDed with D, giving CD; then CD is ORed with B, giving (B + CD). Then this 
is ANDed with A to produce the final function. Figure 4-19 illustrates the gate 
network represented by this particular Boolean expression. A(B + CD). 


C 
D 


CD 


B + CD 
B 


А(В + CD 
4 ) 


FIGURE 4-19 Logic gate implementation of the expression A(B + CD). 
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As you have seen, the form of the Boolean expression does determine how 
many logic gates are used, what type of gates are needed, and how they are 
connected together; this will be explored further in Chapter 5. The more complex 
an expression, the more complex the gate network will be. It is therefore an ad- 
vantage to simplify an expression as much as possible in order to have the sim- 
plest gate network. We will cover simplification methods in a later section of this 
chapter. There are also certain forms of Boolean expressions that are more 
commonly used than others; the two most important of these are the sum-of- 
products and the product-of-sums forms. 


Sum-of-Products Form 


the OR function, so a sum-of-products expression is two or more AND functions 
ORed together. For instance, AB + CD is a sum-of-products expression. Several 
other examples of expressions in sum-of-products form are as follows: 


АВ + BCD 

АВС + DEF 

ABC + DEFG + AEG 

ABC + DEF + FGH + AFG 
A sum-of-products form can also contain a term with a single variable, such as 
A + BCD + EFG. 


One reason the sum-of-products is a useful form of Boolean expression is the 
straightforward manner in which it can be implemented with logic gates. We have 
AND functions that are ORed, as Example 4-3 illustrates. 


EXAMPLE Implement the expression AB + BCD + EFGH with logic gates. 
4-3 


Solution 


FIGURE 4-20 


BCD 
AB + BCD + EFGH 


ЗО Dnt w a 
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An important characteristic of the sum-of-products form is that the corres- 
ponding implementation is always a two-level gate network; that is, the maximum 
number of gates through which a signal must pass in going from an input to the 
output is two, excluding inversions. 


Product-of-Sums Form 


The product-of-sums form can be thought of as the dual of the sum-of-poducts. It 
is, in terms of logic functions, the AND of two or more OR functions. For 
instance, (A + В)(В + C) is a product-of-sums expression. Several other exam- 
ples are 

(A + BXB + C + D) 

(A * B+ CXD + Е + Е) 

(A +В + ОЮ + E + F + G(A* E + O) 

(A + B + СУФ + E + ЕЖЕ + С + НХА+Е + G) 


A product-of-sums expression can also contain a single variable term, such as 
AG + C + DE + Е + С). 

This form also lends itself to straightforward implementation with logic gates 
because it involves simply ANDing two or more OR terms. A two-level gate 
network will always result, as the following example will show. 


EXAMPLE Construct the following function with logic gates: 
<= ^ (A BC+ D+ EXF + Gt+H+D 


Solution 


(A + BC +D + EF + G +H +I) 


б 
р 
Е 
Е 
G 
H 
1 


FIGURE 4-21 


ل ال اال اا د( .ا 


SECTION 1. Identify each expression as either а sum-of-products or a product-of-sums. 
REVIEW (а) X = AB + CD + EF 
4-5 (b X = (A + ВС + DXE + Е) 


(с) X = ABC + ABC + ABC + ABC 
2. Draw the logic gate diagram for each Boolean expression in Problem 1. 
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4-6 SIMPLIFICATION OF BOOLEAN EXPRESSIONS 


Many times in the application of Boolean algebra, we have to reduce a particular 
expression to its simplest form or change its form to a more convenient one in 
order to implement the expression most efficiently. The approach taken in this 
section is to use the basic laws, rules, and theorems of Boolean algebra to 
manipulate and simplify an expression. This method depends on a thorough 
knowledge of Boolean algebra and considerable practice in its application. Exam- 
ples illustrate the technique. 


Simplify the expression AB + A(B + C) + B(B + C) using Boolean algebra 
techniques. 
Solution The following is not necessarily the only approach. 


Step 1. Apply the distributive law to the second and third terms in the 
expression, as follows: 


AB + AB + AC + BB + BC 
Step 2. Apply rule 7 (ВВ = В): 
АВ + AB + AC + В + ВС 
Step 3. Apply rule 5 (АВ + AB = AB): 
AB + AC + B + BC 
Step 4. Factor B out of the last two terms: 
АВ + AC + В(1 + C) 
Step 5. Apply rule 2 (1 + С = 1): 
АВ + АС+В-1 
Step 6. Apply rule (В - 1 = В): 
АВ + АС + В 
Step 7. Factor В out of the first and third terms, as follows: 
B(A + 1) + AC 
Step 8. Apply rule 2 (A + 1 = 1): , 
В 1+ AC 
Step 9. Apply rule 4(B- 1 = B): 


В + AC 
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At this point we have simplified the expression as much as possible. It should 
be noted that once you gain experience in applying Boolean algebra, you can 
combine many individual steps. See if you can find an alternate approach. 


EXAMPLE Simplify the expression [AB(C + BD) + AB] as much as possible. Note that 
4-6 brackets and parentheses mean the same thing: simply that the terms are 
multiplied (ANDed) with each other. 


Solution 


Step 1. 


Step 2. 


Step 3. 


Step 4. 


Step 5. 


Step 6. 


Step 7. 


Step 8. 


Step 9. 


Apply the distributive law (multiply out) to the terms within the 
brackets: 


(ABC + ABBD + AB)C 
Apply rule 8 to the second term in the parentheses: 
(ABC + A-0-D + АВС 
Apply rule 3 to the second term: 
(ABC + 0 + AB)C 
Apply rule 1 within the parentheses: 


(ABC + AB)C 
Apply the distributive law: 
ABCC + ABC 


Apply rule 7 to the first term: 

ABC + ABC 
Factor out BC: 

BC(A + A) 
Apply rule 6: 


Apply rule 4: 


SECTION 1. Simplify the following expressions if possible: 
REVIEW (a) A + AB + ABC 
4-6 (b) (A + B)C + ABC 
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(c) ABC(BD + CDE) + AC 

2. Implement each expression in Problem 1 as originally stated with the appro- 
priate logic gates. Then implement the simplified expression and compare the 
number of gates. 
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Simplification of Boolean Expressions 


The Karnaugh map provides a systematic method for simplifying a Boolean 
expression and, if properly used, will produce the simplest sum-of-products 
expression possible. 

As you have seen, the effectiveness of algebraic simplification depends on 
your familiarity with all the laws, rules, and theorems of Boolean algebra and on 
your ability to apply them. Cleverness is often an important factor in algebraic 
simplification. The Karnaugh map, on the other hand, basically provides а ‘‘cook- 
book” approach. 


The map format The Karnaugh map is composed of an arrangement of adjacent 
“cells,” each representing one particular combination of variables in product 
form. Since the total number of combinations of n variables and their comple- 
ments is 2", the Karnaugh map consists of 2" cells. For example, there are four 
combinations of the products of two variables (A and B) and their complements: 
AB, AB, AB, and AB. Therefore, the Karnaugh map must have four cells, with 
each cell representing one of the variable combinations, as illustrated in Figure 
4-22(a). The variable combinations are labeled in the cells only for purposes of 
illustration. In practice, the map is actually arranged with the variables labeled 
outside the cells, as shown in Figure 4-22(b). The variable to the left of a row of 
cells applies to each cell in that row. The variable above a column of cells applies. 
to each cell in that column. 


FIGURE 4-22 Format of a two- B B 
variable Karnaugh map. Je | | Є 
В А 
sje] i 
(a) (b) 


Extensions of the Karnaugh map to three and four variables are shown in 
Figure 4-23. Notice. that the cells are arranged such that there is only a single 
variable change between any adjacent cells (this is the characteristic that deter- 


mines adjacency). In Figure 4-23(а), the upper left cell is for ABC, the lower left 
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Caes is C D CD CD 
AB АВ 
AB AB 
AB AB 
AB AB 
(a) Three-variable map (23 = 8 cells) (b) Four-variable map (24 = 16 cells) 


FIGURE 4-23 Formats for three- and four-variable Karnaugh maps. 


cell is for ABC, and so on. In part (b) of the figure, the upper left cell is ABCD, 
the lower left cell is ABCD, and so on. 

Karnaugh maps can be used for five, six, or more variables, but these are not 
covered in this book. Beyond six variables, the Karnaugh map is quite impractical 
except when implemented on a computer. 


Plotting a Boolean expression Once a Boolean expression is in the sum-of- 
products form, you can ‘‘plot’’ it on the Karnaugh map by placing а 1 in each cell 
corresponding to a term in the sum-of-products expression. For example, the 
three-variable expression ABC + ABC + ABC is plotted on the Karnaugh map in 
Figure 4-24(a), and the four-variable expression ABCD + ABCD + ABCD + 
ABCD is plotted on the map in part (b). 


СО CD BD. D 72CD, 
35 
AB 
AB 
AB 
(а) ABC + АВС + АВС (b) ABCD + ABCD + ABCD + ABCD 


FIGURE 4-24 Examples of plotting a Boolean expression on a Karnaugh map. 


Grouping cells for simplification You can group 1s that are in adjacent cells 
according to the following rules by drawing a loop around those cells: 
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1. Adjacent cells are cells that differ by only a single variable (for example, 
ABCD and ABCD are adjacent). 

2. The 1$ in adjacent cells must be combined in groups of 1, 2, 4, 8, 16, and 
so on. 

3. Each group of Is should be maximized to include the largest number of 
adjacent cells as possible in accordance with rule 2. 

4. Every l on the map must be included in at least one group. There can be 
overlapping groups if they include noncommon Is. 


Grouping is illustrated by an example in Figure 4-25. Notice how the groups 
are overlapped to include all the Is in the largest possible group. 


FIGURE 4-25 Example of CD CD. CD, CD. 
grouping 15 on a four-variable 
Karnaugh map. 


Simplifying the expression When all the 1s representing each term in the original 
Boolean expression are grouped, the mapped expression is ready for simplifica- 
tion. The following rules apply: 


1. Each group of 1$ creates a product term composed of all variables that 
appear in only one form (uncomplemented or complemented) within the 
group. Variables that appear both uncomplemented and complemented 
are eliminated. 

2. The final simplified expression is formed by summing the product terms 
of all the groups. 


For example, in Figure 4-26, the product term for the eight-cell group is B 
because the cells within that group contain both А and A, C and C, and D and D, 


FIGURE 4-26 This plotted 
Boolean expression simplifies to 
B + AC + ACD. 


CD CD CD CD 
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so these variables are eliminated. The four-cell group contains B, B, D, and Z D, 
leaving the product term AC. The two-cell group contains B and B, leaving ACD 
as the product term. The resulting Boolean expression is the sum of these product 
terms: B + AC + ACD. 


EXAMPLE Minimize the expression X = ABC + ABC + ABC + ABC + ABC. 

4-7 
Solution Notice that this expression is already in a sum-of-products form from 
which the Is can be plotted very easily, as shown in Figure 4-27. 


FIGURE 4-27 


Four of the Is appearing in adjacent cells can be grouped. The remaining 1 
is absorbed in_an overlapping group. The group of four 1s produces a single 
variable term, B. This is determined by observing that within the group, B is the 
only variable that does not change from cell to cell. The group of two 1s 
produces a two-variable term, AC. This is determined by observing that within 
the group, the variables A and C do not change from one cell to the next. To get 
the minimized function, the two terms Lx are produced are summed (ORed) as 
X = В + АС. 


EXAMPLE Reduce the following four-variable function to its minimum sum-of-products 
4-8 ` form: 


Х = ABCD + ABCD + ABCD + ABCD + ABCD. 


+ ABCD + ABCD + ABCD + ABCD + ABCD 


If all variables and their complements were available, this function would take 
ten 4-input AND gates and one 10-input OR gate to implement. 


Solution A group of eight 1s can be factored as shown in Figure 4-28 because 
the is in the outer columns are adjacent. A group of four 15$ is formed by the 
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FIGURE 4-28 


“wrap-around” adjacency of the cells to pick up the remaining two 15. The 
minimum form of the original equation is X = D + BC. 

X = D + BC takes one 2-input AND gate and one 2-input OR gate. 
Compare this to the implementation of the original function. 


EXAMPLE Reduce the following function to its minimum sum-of-products form: 


4-9 


X = ABCD + ABCD + ABCD + ACD + ABCD 


Solution The function is plotted on the four-variable map and factored as 
indicated in Figure 4-29. Notice that the four corner cells are adjacent. 


Implementing Truth Table Functions 


Another use of the Karnaugh map is in implementing logic functions that are 
specified in truth table format. Since truth tables normally use 1$ and 0s (HIGHs 


ЕХАМРЕЕ 
4-10 
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апа LOWS) to represent logic states, the format of the Karnaugh map is modified 
slightly for this application, as shown in Figure 4-30 for two, three, and four 
variables; Is and 0$ are used to label the cells. The variables represented by the Is 
and 0s are specified in the upper left corner of the map. 


(b) Three-variable map (c) Four-variable map 


FIGURE 4-30 Karnaugh maps with a 1/0 labeling format. 


Plotting the truth table When the output variable on the truth table is a l,a lis 
placed on the Karnaugh map in the cell corresponding to the states of the input 
variables. For example, if the output variable is a 1 when A = 1, В = 0, and 
С = 1, then a 1 is placed т the lower right cell of the three-variable map. 


Grouping and simplification The previously stated rules apply in grouping the Is. 
Variables that are both | and 0 within a group are eliminated. If a variable is a 1 in 
all cells of a group, it appears uncomplemented in the product term. If a variable is 
a 0 in all cells of a group, it appears complemented in the product term. 


Implement the logic function specified by the truth table in Figure 4-31 using 
the Karnaugh map method. X is the output variable, and A, B, and C are the 
input variables. 


FIGURE 4-31 


> 


BC 
000 
001 
010 
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Solution The truth table function is plotted and simplified on the map in Figure 
4-32(a). The logic gate implementation for the resulting sum-of-products ex- 
pression is shown in part (b) of the figure. 


= > 


Cy © 


(b) Gate implementation of X = AB + BC 


(a) X = AB + BC 


FIGURE 4-32 


SECTION 1. Lay out a Karnaugh map for each of the following numbers of variables: 

REVIEW (a) Two variables (b) Three variables (c) Four variables 

4-7 2. Group the 1s and write the simplified expression for each Karnaugh map in 
Figure 4-24. 


3. Write the original sum-of-products expression that is plotted on the Karnaugh 
map in Figure 4-26. 


SUMMARY 


Boolean multiplication is the same as ANDing. 

Boolean addition is the same as ORing. 

А bar over a variable means complementation. 

Complementation is the same as inversion. 

The three basic laws of Boolean algebra are the commutative law, the associative law, 
and the distributive law. 

DeMorgan's theorems state that (1) the complement of a product equals the sum of the 
complements and (2) the/complement of a sum equals the product of the complements. 
There are two basic forms of Boolean expressions: the sum-of-products and the 
product-of-sums. 

Boolean expressions can be simplified using the algebraic method or the Karnaugh map 
method. 
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1. (а) AB means that the two variables are 
(b) A + B means that the two variables are 
(c) A means that the variable is — — . 
2. Determine the logic gate required toimplement each of the following terms: 
(a) АВС (b) A+B+C (с) ABC (d A+B+C 
3. Apply the commutative law, the associative law, or the distributive law to each 
expression as appropriate. 
(a) A+B (b) AB (c) CD (d (A+ В +С 
(e) A(B + C + D) (f) A(BCD) 
4. Use the basic rules of Boolean algebra to evaluate each of the following expressions: 
(a) B+ 1 (b 0 + в () B:1 (d B-B 
© C+C ODD ФС < B+BC 
5. Accordingto — . CD = C + Dz 
6. How many and what type of logic gates are required to implement the following 
expressions as they appear: 
(a) AB + CD (b A+B+CD 
(c) A(B + C + DE) 
7. (a) The expression ABC + ABC + ABC is an example of the 
form. 
(b) The expression (A + В + ОА + B+ СКА + B + С) is an example of the 
Lum See ee Ory: 
8. Determine whether ог not the following equalities are correct: 
(a) ABC + ABC=A 
(b) A + BC + AC = BC 
(c) A(ABC + ABCD) = ABCD 
PROBLEMS 
Section 4-2 
4-1 Find the value of X for all possible values of the variables. 
(а) X = АВ (b) Х = ABC (<) X=A+B 
(d Х=А+В+С (е) Х=АВ+С O X=A+B 
(2) X = ABC _ (h) X = AB + AC (0 X = A(B + C) 
() X = AG + C) 
4-2 Find the value of X for all possible values of the variables. 


(а) X = (А + В)С + В (b X = (A + BC 
(с) Х = АВС + АВ _ (d) X = (A + BXA + В) 
(e) X = (А + ВОВ + © 
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4-3 


4-4 


4-5 


Write the Boolean expression for each of the logic gates in Figure 4-33. 


FIGURE 4-33 A d س‎ $ Т, p: X 
B 
(b) 
A A 
B С 
(9) 


Repeat Problem 4-3 for the circuits in Figure 4-34. 


> 


Sara 
х 
= 
х 


(а) (b) 


©) (d) 


' FIGURE 4-34 


Construct a truth table for each of the following Boolean expressions: 
(а) А+В (b) АВ - (с) АВ + BC 
(d (A + B)C (е) (A + ВЮВ + C) 


Section 4-4 


4-6 


4-7 


Apply DeMorgan's theorems to each expression. 

(a) A+B ` (b AB © А+В+С 

(d ABC © AG + C) (© AB + CD 

(g AB * CD (h) (A + ВС + D) 

Apply DeMorgan's theorems to each expression. 

(a AB(C + D) (b) AB(CD + EF) 

© 4 +B + C+D) + ABCD (@ (A + B« C + D(ABCD) 
(е) AB(CD + EFYAB + CD) 
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4-8 Apply_DeMorgan DeMorgan’s theorems to tl to the following: 
(a) (ABC)(EFG) + (HIJ(KLM) (b А+ ВС + CD) + BC 
(о (A + BXC + D(E + FXG + Н) 
Section 4-5 
4-9 Convert the following expressions to sum-of-product forms: 
(a) (A + BXC + D) (b) (A + BOD 
(©) (A + С)(АВС + ACD) 
4-10 Conven the following expressions to sum-of-product forms: 
(а) АВ + CD(AB + СР) (b) AB(BC + BC) 
(с) A + BIAC + (B + OD] 
4-11 Write an expression for each of the gate networks in Figure 4-35 and identify the 
form. 
A 
B 
^ 
x B x 
c 
4 8 
я С 
3 D 
(a) (b) 
A A 
B B 
A 
X B X 
[^ 
4 8 
с 5 
(с) (d) 
FIGURE 4-35 
4-12 Write a Boolean expression for the following statement: 
X is a 1 only if A is a 1 апа B is a 1 
or if A is a 0 and В is a 0. 
4-13 Write a Boolean expression for the following statement: 


X is a 1 only if A, B, and C are all Is 
or if only one of the variables is a 0. 
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4-14 


4-15 


4-16 


Write a Boolean expression for the following conditions: 

X is a 0 if any two of the three variables A, B, and С are 15. X is a 1 for all other 
conditions. 

Draw the logic circuit represented by each of the following expressions: 

(а) А+В+С (b АВС (0 АВ+С 

(d АВ + CD (е) AB(C + D) 

Draw the logic circuit represented by each expression. 

(a) АВ+АВ (b) AB +AB + ABC 

(с) A+ BIC + DB +C) 


Section 4-6 


4-17 


4-18 


4-19 


Using Boolean algebra techniques, simplify the following expressions as much as 
possible: 

(a) A(A + B) (b) A(A + AB) (c) BC + BC 

(d A(A + AB) (e ABC + ABC + ABC 

Using Boolean algebra, simplify the following expressions: 

(а) (A + B(A + C) (b) AB + ABC + ABCD + ABCDE 
(© AB+ABC+A (d) (A + AXAB + ABC) 

(0 AB + (А + B)C + AB 

Using Boolean algebra, simplify each expression. 

(а) BD + B(D + E) + D(D + Е) 

(b ABC + (A + B + C) + ABCD 

(© (B + ВОВ + ВСВ + D) 

(d ABCD + ABCD) + (AB)CD 

(e) АВСАВ + C(BC + АС) 


Section 4-7 


4-20 


4-21 


4-22 


Using the Karnaugh map method, simplify the following expressions to their mini- 
mum sum-of-products form: 


(a) Х-АВ + AB (b) X = AB + AB 

(© Х=АВ+АВ (d) X = AB + AB + AB 

(e) X = A(B + AB) (t) X = AB + AB 

Use a Karnaugh map to find the minimum sum-of-products form for each ех- 
pression. 

(a) X = ABC + ABC + ABC 

(b X = АСВ + © 

© X = A(BC + ВС) + A(BC + BC) 

(d) X = ABC + ABC + ABC + ABC 

(0 X = A + BC 

Usea Karnaugh map to simplify each function to a minimum sum-of-products form. 
(а) X = ABC + ABC + АВС + ABC 

(b X = ACB + A(B + С] 
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© X = DEF + DEF + DEF 
4-23 Use a Karnaugh map to reduce each шец to a minimum sum-of-products 
form. 
(a) Х=А+ BC + CD’ { 4 
(b X = ABCD + ABCD + ABCD + ABCD 
(0 X = AB(CD + CD) + ABCD + CD) + ABCD 
() X = (AB + ABXCD + CD) 
(e) X= АВ + AB + СР + CD 
4-24 Use the Karnaugh map method to implement the logic function specified in the 
following truth table: 


ANSWERS TO SECTION REVIEWS 


Section 4-1 

L OR 2 AND 3 X=AB;X=A+B 

Section 4-2 

1. X = ABCDE а Ae ae О ИЛ ДУЛ 

3. (а) X=ABCDE (b) Y=F+G+H+I+J у 
Section 4-3 

1. (A+B+C)+D 2 AB * AC + AD 

Section 4-4 


1. @ A+B+C+DE Ы AB+C © ABC+D+E 
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Section 4-5 

1. (a) Sum-of-products (b) Product-of-sums 
(c) Sum-of-products 

2. (a) Three AND gates, one OR gate (b) Three OR gates, one AND gate 
(c) Four AND gates, one OR gate 


Section 4-6 i NER 

1, (а) A (b) C(A + B) (c) A(C + BDE) 

2. (a) Original: Three gates. Simplified: No gates (straight connection). 
(b) Original: Four gates. Simplified: Two gates. 
(c) Original: Seven gates. Simplified: Three gates. 


Section 4-7 

1. (a) Four cells (Б) Eightcells (с) Sixteen cells 

2. (a) X= AB + BC (b) X = ABD + ABD NS ef 

3. X = ABCD + ABCD + ABCD + ABCD + ABCD + ABCD + ABCD + ABCD 
+ ABCD + ABCD + ABCD 


—— 


In Chapter 3, logic gates were studied on an indi- 
vidual basis and in simple coimbinations. When 
logic gates are connected together to produce a 
specified output for certain specified combina- 


tions of input variables, with no storage involved; 


the resulting network is called combinational 
logic. In combinational logic, the output level is 
at all times dependent on the combination of in- 
put levels. In this chapter, methods of analysis 
and design of combinational logic. circuits are 
examined. 

Specific devices introduced in this chapter 
are 74H52 AND-OR logic, 7451 AND-OR- 
INVERT logic, and 7486 quad exclusive-OR 


gates. 


o 


ee 


How to analyze basic E buie i 
cuits such as AND-OR, ÁND-OR-INVERT: t 
exclusive-OR, and generalized logic circuits. 
Why the exclusive-OR gate is important in 
certain arithmetic operations: ..' 

How to derive the truth table from * Jogic 
equation of the function. 

How to design combinational logic circuits 
starting with a truth table or ал equation. 
How to simplify combinational logic to re- 
duce the number of gates. 

How to use NAND gates to construct any 
logic function. 

How to use NOR gates to construct ti lee 
function. 

How to analyze multilevel NAND knê NOR - 
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ANALYSIS OF COMBINATIONAL LOGIC CIRCUITS 


AND-OR Logic 
Figure 5-1 shows a combinational logic circuit consisting of two AND gates and 
one OR gate. Each of the three gates has two input variables as indicated. 


A 

TEE CS i 
DE r 

TA E 


D 


|íOty tw x 


(a) Logic diagram (b) Logic symbol 
FIGURE 5-1 AND-OR logic (ANSI/IEEE Std. 91-1984). 


Each of the input variables can be either a HIGH (1) or a LOW (0). Because 
there are four input variables, there are sixteen possible combinations of the input 
variables (24 = 16). To illustrate an analysis procedure, we will assign one of the 
sixteen possible input combinations and see what the corresponding output value 
is 

First, make each input variable a LOW, and examine the output of each gate 
in the network in order to arrive at the final output, Y. If the inputs to gate С, are 
both LOW, the output of gate С, is LOW. Also, the output of gate С, is LOW 
because its inputs are LOW. As a result of the LOWs on the outputs of gates С, 
and С›, both inputs to gate С; are LOW, and therefore its output is LOW. We 
have determined that the output function of the logic circuit of Figure 5-1 is LOW 
when all of its inputs are LOW. This condition is illustrated in the first row of 
Table 5-1 along with the remaining fifteen input combinations. You should verify 
each of these conditions on the logic diagram. 

Now, as a second method of analyzing the logical operation of the circuit of 
Figure 5-1, we can develop a logic equation for the output function and, using 
Boolean algebra, evaluate the equation for each of the sixteen combinations of 
input variables. 

Since gate G, is an AND gate and its two inputs are A and B, its output can 
be expressed as AB. Gate G, is an AND gate and its two inputs are C and D, so its 
output can be expressed as CD. Gate G, is an OR gate and its two inputs are the 
outputs of gates С, and С, so its output can be expressed as АВ + CD. The 
output of gate G, is the output function of the logic network, so Y = АВ + CD. 
Figure 5-2 shows the logic functions at each point in the circuit. 


EXAMPLE . 
5-1 
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TABLE 5-1 Truth table for Figure 5-1 (1 = HIGH, 0 = LOW). 


[- 4 ooo o 


G, Output 


FIGURE 5-2 AND-OR logic A 
with Boolean expressions. B 


У = AB + CD 


р 


We can now evaluate the output equation by substituting into it the various 
combinations of input variable values. For example, when A = 1, B = 1,C = 1, 
and D = 0, the output expression is evaluated as follows: y 

У = АВ + Ср = 1:1+1:0= 1+0=1 


The same procedure can be used for any of the other input variable combinations. 


The 74H52 TTL AND-OR IC with pin numbers in parentheses is shown in 
Figure 5-3. Write the output expression and determine the logic level at pin 8 
for the following input logic levels: pins 3, 4, 13, and 11 are HIGH, and pins 1, 
2, 5, 9, 10, and 12 are LOW. 
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FIGURE 5-3 74H52 AND-OR 
with expander. 


шо чо Осо a 


Solution The output expression is Y = AB + CDE + FG + HI + X. The X 

input is for the connection of an expander AND gate when extra inputs must be 
handled; X is from the output of the expander gate. 

The output expression is evaluated for the given input levels as follows: 

У = АВ + CDE + FG + Ш+Х=0-0+1:-1.0+0.1+0-1+0 

=0+0+0+0+0=0 


AND-OR-INVERT Logic 


Figure 5-4(а) shows a combinational logic circuit consisting of two AND gates, 
one OR gate, and an inverter. As you can see, the operation is the same as that of 
the AND-OR circuit in Figure 5-1 except that the output is inverted. The output 
expression is У = AB + CD. An evaluation of this for the inputs A = 1, B = 1, 
С = 1, D = 015 as follows: 


У = АВ + Ср =1-1+1:0=1+0=1=0 


бовы 
су 


| (a) Y = AB + CD (b) Y= (4 + BC + D) 
FIGURE 5-4 AND-OR-INVERT circuit and one of its equivalent circuits. 
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5-2 


5-1 ANALYSIS OF COMBINATIONAL LOGIC CIRCUITS 161 


Notice that DeMorgan’s theorem can be applied to this output expression аѕ « 
follows: 


У = АВ + CD = (A + BYC + D) 


The resulting equivalent circuit is shown in Figure 5-4(b). 


The 7451 dual AND-OR-INVERT circuit is represented by a logic diagram and 
symbol in Figure 5-5. Notice that the inversion is indicated by a bubble on the 
output of the OR gate, effectively making it a NOR gate. 

The following levels are applied to the inputs: pins 1, 2, 4, and 13 are 
HIGH, and pins 3, 5, 9, and 10 are LOW. Determine the output levels and 
indicate the pin designations. 


(a) Logic diagram (b) Logic symbol 
FIGURE 5-5 The 7451 dual AND-OR-INVERT. 
Solution The 1Y output at pin 8 is LOW because both pins 1 and 13 are HIGH. 


The output 2Y at pin 6 is HIGH because neither AND gate in this circuit has 
both of its inputs HIGH. 


Exclusive-OR Logic 


Figure 5-6(a) shows a combinational logic circuit known as an exclusive-OR 
(often abbreviated XOR). It is a widely used function because of special arith- 
metic properties which will be discussed in a later chapter. Because of its wide 
applications, it has a special symbol, shown in Figures 5-6(b) and (c). 

The output expression for this circuit is Y = AB + AB. Evaluation of this 
expression results in the truth table in Table 5-2. Notice that the output is HIGH 
only when the two inputs are at opposite levels. A special exclusive-OR symbol, 
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@, is often used so that the expression У = AB + AB can also be written as У = 
ү A Ф B, stated аз “У = A exclusive-OR В.” 


(а) (b) (c) 


FIGURE 5-6  Exclusive-OR logic diagram and symbols. 


TABLE 5-2 Truth table for an 
exclusive-OR. 


EXAMPLE The 7486 quad exclusive-OR gate IC is shown in Figure 5-7. Certain pins are 
5-3 connected externally to positive logic levels indicated by Is and 0з on the 
inputs. Determine the output at pin 6 for these conditions. 


FIGURE 5-7 7486 
quad exclusive-OR. 
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Solution The final output on pin 6 is 0 (LOW). We determined this by tracing 
through the logic with the use of the exclusive-OR truth table. The intermediate 
levels are as follows: pin 11 = 0, ріп 8 = 1, and pin 3 = 1. 


The complement of the exclusive-OR function is the exclusive-NOR which is 
derived as follows: 


X = AB + АВ = (ABYAB) = (A + ВХА + В) = AB + AB 


Notice that the output X is HIGH only when the two inputs, A and B, are at the 
same level. 


A General Combinational Logic Circuit 


Figure 5-8 is the fourth combinational logic circuit that we will analyze. Unlike 
the previous circuits, it is not available as a specific IC device but is a general 
combination of gates. As before, the approach to analysis is to develop the logic 
expression for the circuit and evaluate that expression for all of the possible input 
conditions. In this case, there are four input variables with sixteen combinations 
of input states. 


FIGURE 5-8 А combinational logic circuit. 


The logic expression for Figure 5-8 is developed step-by-step as follows: 
Output of inverter J, = A 


Output of gate G, = AB 
Output of gate С, = CD 
Output of gate G, = BC 


Output of inverter J = D 
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Output of gate G4 = ACD 

Output of gate Gs (output of G,) + (output of Сз) 

CD + BC 

Output of gate С, = (output of Су) · (output of Gs) 
= AB(CD + BC) 

Final output X = output of gate G, 

= (output of G,) + (output of Go) 
= ACD + AB(CD + BC) 
= ACD + ABCD + ABC 


Figure 5-9 illustrates the logic expressions at each point in the circuit. 
Notice that the expression for the output X can be converted fo a sum-of-products 
form as indicated. 


= ACD + AB(CD + BC) 
= ACD + ABCD + ABC 


FIGURE 5-9 


We will now discuss how to develop a truth table fully describing the 
circuit’s operation from the output expression. 


Expansion of the Output Expression 


The output sum-of-products expression of a logic circuit can be expanded to 
include all variables in each term. The truth table can then be written directly 
from the expanded expression. 

Notice that the expression X = ACD + ABCD + ABC in Figure 5-9 has two 
terms that do not include all four variables. Using Boolean algebra, expand each 
of the three-variable terms to include all four variables as follows: 


ACD = ABCD + ABCD 
ABC = ABCD + ABCD 
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The expanded output expression is 
X = ABCD + ABCD + ABCD + ABCD + ABCD 
There are two ABCD terms, so one is dropped. The result is 
X = ABCD + ABCD + ABCD + ABCD 


The Karnaugh map can also be used to systematically expand a sum-of- 
products expression by the following steps: 


Step 1. For each term in the expression, place a | in each cell where the 
variables in that term appear. 

Step 2. Write the product term for each individual cell containing a 1 (do 
not group the cells). 

Step 3. Write the sum of all the product terms. 


To illustrate this procedure, the previous expression X = ACD + ABCD + 
ABC is expanded using the sixteen-cell (four-variable) map in Figure 5-10. In part 
(a) of the figure, the three terms in the expression are expanded on the map. In 
part (b), the four-variable terms are written for each 1, and the expanded ex- 
pression is developed. Notice that it is the samé as was obtained by Boolean 
expansion (the order is different, but that does not matter). 


CB CD CD CD. CDU CD* ФВ" ср 


ABCD 
ABC 


ACD 


(а) ABC, ABCD, and ACD (b) сие the expanded expression 
expanded onto map. = ABCD + ABCD + ABCD + ABCD 


FIGURE 5-10 Sum-of-products expansion by Karnaugh map. 


Deriving the Truth Table from the Expanded Expression 


The expanded output expression for a logic circuit shows all the combinations of 
the input variables that make the output a 1. An uncomplemented input variable 
stands for a 1, and a complemented input variable stands for a 0. For the 
expression Х = ABCD + ABCD + ABCD + ABCD, X = 1 for the four input 
variable combinations and Х = 0 for all other input combinations as shown in 
Table 5-3. 
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TABLE 5-3 Truth table for the 
circuit of Figure 5-9. 


> 


0 
0 
0 
0 
0 
0 
“1 
1 
0 
Co 
14 
0 
L^ 
0 
1 


1. Determine the output (1 or 0) of a four-variable AND-OR-INVERT circuit for 
each of the following input conditions: 
(ay А“ ЧУВ 0, С = 1,D =0 
(b) А вет, С =0,D=1 
(ОА = 0,8 = 1,С = 1,р = 1 

2. Determine the output (1 or 0) of an exclusive-OR gate for each of the following 
input conditions: 
(a) A=1,B=0 (bb A=1,B=1 
(<) A=0,B =1 (d) A=0,B=0 

3. Develop the truth table for a certain three-input logic circuit with the output 
expression X = ABC + ABC + ABC + ABC + ABC 

4. Draw the logic diagram for an exclusive-NOR circuit. 


DESIGNING COMBINATIONAL LOGIC CIRCUITS 


In this section we start with an equation or a truth table that describes a logic 
function and from it determine the circuit required to implement the function. As 
before, several examples are used to illustrate a general procedure. 

Equation (5-1) is the first in the series of examples that will be considered. 


X = AB + CDE (5-1) 


A brief inspection reveals that this function is composed of two terms, AB and 
CDE, with a total of five variables. The first term is formed by ANDing A with B, 
and the second term is formed by ANDing C, D, and E. These two terms are then 
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ORed to form the output X. These operations are indicated in the structure of the 
equation as follows: 


——— AND (second-level operation) 
X = AB + CDE 


parit soi OR (first-level operation) 


It should be noted that in this particular equation, the AND operations forming the 
two individual terms, AB and CDE, must be performed before the terms can be 
ORed. The OR operation is the last to be performed before the final output 
function is produced; therefore, it is called a first-level operation, meaning that it 
is performed by the first-level gate, starting at the output and. working back toward 
the inputs. The AND operations are performed by the second-level gates from the 
output, and they are therefore second-level operations. 

To implement the logic function, a two-input AND gate is required to form 
the term AB, and a three-input AND gate is needed to form the term CDE. A two- 
input OR gate is then required to combine the two AND terms. The resulting logic 
circuit is shown in Figure 5-11. 


FIGURE 5-11 Logic circuit for Second level о 
Equation (5-1). A | AB 
B 
| 
| 
Х = АВ + СОЕ 
| 
| 
c | 
= [CDE 


As another example, we will implement Equation (5-2). 
X = AB(CD + EF) (5-2) 


А breakdown of this equation shows that the term AB and the term CD + EF are 
ANDed. The term AB is formed by ANDing the variables A and B. The term 
CD + EF is formed by first ANDing С and D, ANDing Е and Е, and then ORing 
these two terms. This structure is indicated in relation to the equation as follows: 


AND (second-level) 
AND (first-level) 


ies ea NOT (fourth-level) 


X = AB(CD + EF) 
OR (second-level) 
AND (third-level) 
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Before the output function X can be formed, we must have the term AB. 
Also, we must have the term CD + EF; but before we can get this term, we must 
have the terms CD and EF; but before we can get the term CD, we must have D. 
So, as you can see, there is a "chain" of logic operations that must be done in the 
proper order before the output function itself is realized. 


The logic gates required to implement Equation (5-2) are as follows: 


1. One inverter to form D. ah 

2. Two 2-input AND gates to form CD and EF. 
3. One 2 input OR gate to form CD + EF. 

4. One 2-input AND gate to form AB. 

5. One 2-input AND gate to form X. 


The logic circuit that produces this function is shown in Figure 5-12(a). Notice 
that there is a maximum of four gates between an input and output in this circuit 
(from input D to output). Often, the total propagation delay time through a logic 
circuit is a major consideration. Propagation delays are additive, so the more gate 
levels between input and output, the greater the propagation delay time. 

The number of gate levels (and sometimes the number of gates) can be 
reduced by implementing a logic function in the sum-of-products form. Equation 
(5-2) can be written as 


X = ABCD + АВЕЕ 


X = ABCD + EF) 


о оъ > 


ч om 


Х = ABCD + ABEF 


Е 


(b) Sum-of-products implementation 
of the circuit in part (a) 


FIGURE 5-12 Logic circuits for Equation (5-2). 
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The sum-of-products implementation of this circuit is shown in Figure 5-12(b). 

Now, as a third design example, we will begin with the truth table for a logic 
function, write the Boolean expression from the truth table, and implement the 
logic circuit. 


TABLE 5-4 


Table 5-4 specifies a logic function. The expression is obtained from the 
truth table by ORing the product terms for each occurrence of X = 1 (the 
unshaded rows) where a 1 represents an uncomplemented variable and a 0 
represents a complemented. variable. In this case, the expression is 


X = ABC + ABC (5-3) 


This equation requires three levels of logic gates and inverters. How do we know 
this? First, observe that the equation is composed of two terms in sum-of- 
products form (the two AND terms, ABC and ABC, are ORed). The OR operation 
requires one level (one OR gate). The first term in the equation is formed by 
ANDing the three variables А, В, and С. The second term is formed by ANDing 
the three variables, A, B, and C. These two operations are performed at the 
second level (the two AND gates whose outputs are connected to the first-level 
OR gate inputs). The formation of the complement of each variable requires a 
third level consisting of inverters; these inverters are at the third level because the 
complements must be formed before each term is formed. The logic gates required 
to implement this function are as follows: three inverters to form the A, B, and C 
variables; two 3-input AND gates to form the terms / ABC and ABC; and one 2- 
input OR gate to form the final output function, ABC + ABC. Figure 5-13 
illustrates the implementation of this logic function. Do not confuse levels dis- 
cussed here with input and output levels of a gate (HIGH or LOW). 

In this case where there is a three-level logic function, notice that between 
input A and the output X there are three logic gates; the same is true for input B 
and input С. In general, the. number of levels in a given network is the greatest 
number of gates and inverters through which a signal has to pass in going from an 
input to the output. 
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FIGURE 5-13 Logic circuit for Equation (5-3). 


EXAMPLE Design a logic circuit to implement the operation specified іп the following truth 
5-4 table: 


Solution Notice that X — 1 for three and only three of the input conditions. 
Therefore, the logic expression is. 


X = ABC + АВС + ABC 
The logic circuit is shown in Figure 5-14. 
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FIGURE 5-14 A 


EXAMPLE Develop a logic circuit with four input variables that will produce a 1 output 
5-5 when any three and only three input variables are 1s. 


Solution Out of sixteen possible combinations of four variables, the combina- 
tions in which there are three 1s are listed below, along with the corresponding 
product term for each. 


FIGURE 5-15 
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These product terms are ORed to get the logic expression. 
X = ABCD + ABCD + ABCD + ABCD 


This expression is implemented in Figure 5-15 (p. 171) with AND-OR 
logic. 


Gate Minimization 


In many applications it is desirable to use the minimum number of gates in the 
simplest configuration possible to implement a given logic function. This sim- 
plification may be desirable for several reasons, such as economy, limitations of 
available power, minimization of delay times by reduction of logic levels, or 
maximum utilization of chip area in the case of IC designs. 

Here we will examine two basic methods of gate minimization. First, the 
rules and laws of Boolean algebra will be applied т order to simplify the logic 
equation for the circuit in question, and thereby reduce the number of gates 
required to implement the function. Second, the Karnaugh map method will be 
used to minimize the logic function. Both of these methods were studied in the 
previous chapter. 

To begin, Boolean algebra will be applied to the equation for the circuit of 
Figure 5-8, which is redrawn for convenience in Figure 5-16. The logic equation 
for this circuit was developed in Section 5-1 and is restated in Equation (5-4). 


X = ACD + AB(CD + BC) (5-4) 


FIGURE 5-16 


: We know that five AND gates, two OR gates, and two inverters are needed 
to implement this function as it appears in Equation (5-4). We do not yet know 
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whether this is the simplest form of the equation. When we apply the rules of 
Boolean algebra in an attempt to simplify the equation, our cleverness and 
imagination are major factors in determining the outcome because an equation can 
normally be written in many ways and still express the same logic function. In 
general, we must use all the rules, laws, and theorems at our command in such a 
way as to arrive at what appears to be the simplest form of the equation. 
Inspection of Equation (5-4) shows that a possible first step in simplification is to 
apply the distributive law to the second term by multiplying the term CD + BC by 
AB. The result is : 


X = ACD + ABCD + ABBC 
The rule that BB = B can be applied to the third term, yielding the sum-of- 
products form 
X = ACD + ABCD + ABC 
Notice that C is common to each term, so it can be factored out using the 
distributive law. 
X = C(AD + ABD + AB) 
Now notice that AB appears in the last two terms within the parentheses and can 
be factored out of those two terms. 
X = CIAD + AB(D + 1] 
Since D + 1 = 1, 
X = C(AD + AB) 
It appears that this equation cannot be reduced any further, although it can be 


written in a slightly different way (sum-of-products form) by application of the 
distributive law. 


X = ACD + ABC (5-5) 


This equation can be implemented with two 3-input AND gates, two inverters, 
and one 2-input OR gate, as shown in Figure 5-17. 


X = ACD + ABC 


FIGURE 5-17 Logic circuit for Equation (5-5). 
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Compare this circuit with the circuit in Figure 5-16 which has nine logic 
gates including inverters. The minimized circuit is equivalent but has only five 
gates including two inverters. At this point you should verify that the logic circuit 
of Figure 5-17 is indeed equivalent to the logic circuit of Figure 5-16 in terms of 
the logical operation. Also, the number of gate levels has been reduced from a 
maximum of five in Figure 5-16 to three in Figure 5-17. Fewer levels mean a 
shorter propagation delay through the circuit as previously mentioned. 


Karnaugh Map Approach 


The second approach to minimization of Equation (5-4) is the Karnaugh map 
method. The function of Equation (5-4) is rewritten here for convenience. 


X = ACD + AB(CD + BC) 
To minimize this expression, convert it to the sum-óf-products form. 
X = ACD + ABCD + ABC 


This expression is expanded on the Karnaugh map in Figure 5-18 to include all 
variables in each term. The fully expanded sum-of-products expression is 


X = ABCD + ABCD + ABCD + ABCD 
FIGURE 5-18 Karnaugh map CD CD CD ср 


for the function of Equation 
(5-4). 


To simplify, the 1s are grouped as shown in the figure and the resulting 
product terms are ORed to obtain the following minimum expression: 


X = ACD + ABC 


Notice that this is the same result that was achieved using algebraic simplification. 


1. Implement the following logic expressions with logic gates: 
(а) X = ABC + AB + AC 
(b X = AB(C + DE) 

2. Develop a logic circuit to produce a 1 on its output only when all three inputs 
are 1$ or when all three inputs are 0$. 
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LN 0-—"E Inpp)ffnlnu-—‏ س 


Up to this point, combinational circuits using only AND and OR gates and 
inverters have been considered. In this section we will see that NAND gates can 
be used to produce any logic function. For this reason, they are referred to as 
universal gates. 

The NAND gate can be used to generate the NOT functigh, the AND 
function, the OR function, and the NOR function. An inverter can be made from a 
NAND gate by connecting all of the inputs together and creating, in effect, a 
single common input, as shown in Figure 5-19(a) for a two-input gate. An AND 
function can be generated using only NAND gates, as shown in part (b). Also, an 
OR function can be produced with NAND gates, as illustrated in part (c). Finally, 
a NOR function is produced, as shown in part (d). 


(а) A NAND gate (b) Two NAND gates 
used as an inverter used as an AND gate 


(c) Three NAND gates used as an OR gate (d) Four NAND gates used аз а NOR gate 


FIGURE 5-19 Universal application of NAND gates. 


In Figure 5-19(b), a NAND gate is used to invert (complement) a NAND 
output to form the AND function, as indicated in the following equation: 


X = AB = АВ 


In Figure 5-19(c), NAND gates С, and G, are used to invert the two input 
variables before they are applied to NAND gate G,. The final OR output is 
derived as follows by application of DeMorgan’s theorem: 

Х=АВ = А + В 


In Figure 5-19(d), NAND gate С. is used аз an inverter to produce the МОК 
function A + В, 
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Multilevel NAND Logic 


As you already know, the function of the NAND gate can be expressed in two 
ways by applying DeMorgan’s theorem. If inputs A and B are applied to a NAND 
gate, the output can be expressed as 


Х= AB =А+В 
Therefore, the function of the NAND gate can be stated in two ways: 


1. The output of a NAND gate is equal to the complement of the AND of 
the input variables. 

2. The output of a NAND gate is equal to the OR of the complements of the 
input variables (corresponding to а negative-OR). 


Rules for multilevel NAND logic can be developed using these two state- 
ments of NAND operation as the basis. To develop a set of rules, we will begin 
with a two-level NAND circuit, as shown in Figure 5-20. 

For this circuit, the logic equation is developed as follows by repeated 
application of DeMorgan’s theorem: 


X = (ABC = (A + ВС = АВ + С 


Notice that input variables A and B appear as an AND term in the final output 
equation, and input variable C appears complemented and ORed with the term 
AB. Gate G, is a second-level gate (second gate back from the output), and gate 
G, is a first-level gate (first gate from output). Notice also that individual variables 
A and B are inputs to the second-level gate G,, and that the term AB and 
individual variable C are the inputs to the first-level gate G,. From this observa- 
tion, two general rules for multilevel NAND logic can be stated: 


1. All odd-numbered gate levels (1, 3, 5, . . .) “асі” as OR gates with 
single input variables complemented. 
2. All even-numbered gate levels (2, 4, 6, . . .) "act" as AND gates. 


To illustrate how this method can be applied to multilevel NAND logic, let 
us take the network shown in Figure 5-20 and proceed as follows. Replace each 
odd-level NAND gate with its equivalent negative-OR symbol, as shown in Figure 
5-21. Remember, nothing has been changed operationally in the circuit; we are 


First-level gate | 
acts as negative-OR. 


FIGURE 5-20 Two-level NAND logic. 
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FIGURE 5-21 NAND/negative- 
OR equivalent of two-level 
NAND logic. 


Inversions cancel 


simply replacing the NAND gate symbol with an equivalent one. Now, rather than 
having to remember the two rules, we can simply write the output expression 
based on the logical function at each level, as indicated by the gate symbol at that 
level. 

Notice that the bubble output of G; is connected to the bubble input of G,. 
This, of course, indicates a double inversion that effectively cancels the inversion 
at each of the levels. In this approach, all connections between levels are ''bubble- 
to-bubble,”’ going from even levels to odd levels, and straight connections going 
from odd levels to even levels. Thus, all inversions can be discarded when the 
output expression is written, except for single input variables at odd levels. 

Next, let us take the three-level network of Figure 5-22(a) to further illus- 
trate this method. By replacing gates G, and G, (odd-level gates) with their 
negative-OR equivalents, we have the equivalent network of Figure 5-22(b). 
From this we can easily write the output expression as follows: 


X = (A + B)C + D 


x = (A *Bc«D 


FIGURE 5-22 Three-level NAND logic and its NAND/Inegative-OR equivalent. 


EXAMPLE Redraw the logic diagram and develop the output expression for the circuit in 
5-6 Figure 5-23 using the procedure just discussed. 


FIGURE 5-23 


A 
B 
с 
р 
Е 
F 
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Solution Redrawing the network in Figure 5-23 with equivalent negative-OR 
symbols at the odd levels, we get Figure 5-24. Writing the expression for X 
directly from the indicated logic operation at each level gives us 


X = (A + B)C + (D + E)F 


X = (A + B)C + (E + DF 


SECTION 1. Use NAND gates to implement each expression. 
REVIEW (а) X= A+B (b) X = AB 


5-3 2. Implement the expression Х = (A + B + ОБЕ using multilevel NAND logic. 


5-4 THE UNIVERSAL PROPERTY OF THE NOR GATE 


As with the NAND gate, the NOR gate can be used to generate the NOT, AND, 
OR, and NAND functions. A NOT circuit or inverter can be made from a NOR 
gate by connecting all of its inputs together to effectively create a single input, as 
shown in Figure 5-25(a) with a two-input example. Also, an OR gate can be 
produced from NOR gates, as illustrated in Figure 5-25(b). 


d pir S A A+B A+B 
B 


(a) A NOR gate used as an inverter 


(c) Three NOR gates uset аз an AND gate (d) Four NOR gates used as a NAND gate 
FIGURE 5-25 Universal application of NOR gates. 
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An AND gate can be constructed using NOR gates, as shown in Figure 
5-25(c). In this case the NOR gates G, and С, are used as inverters, and the final 
output is derived using DeMorgan’s theorem as follows: 


Х=А +В = AB 
Figure 5-25(d) shows NOR gates used to form a NAND function. 


Multilevel NOR Logic 


If the inputs A and B are applied to the NOR gate in Figure 5-26, the output will be 
as shown. By applying DeMorgan's theorem to the output function, we get 


X=A+B=AB 


FIGURE 5-26 Dual expression A a 
of NOR output. B m» А+ В = АВ 


Notice that the output can be expressed іп the following two ways: 


1. The output of a NOR gate is equal to the complement of the OR of the 


input variables. 
2. The output of the NOR gate is equal to the AND of the complements of 
input variables (corresponding to a negative-AND). 


Rules for multilevel NOR logic can be developed using these two statements 
of NOR operation as the basis. To develop a set of rules, we will begin with a two- 
level NOR circuit, as shown in Figure 5-27. 


FIGURE 5-27 Two-level NOR Second-level gate 
logic. acts as OR. 
d А+В 
В 
X=(A+ BC 
c (A + B) 


First-level gate Ys 


acts as negative AND. 


For this circuit, the logic equation is developed as follows by application of 
DeMorgan’s theorem: 


X = (A + B) + C = (A + ВС = (A + BC 
Notice that the input variables A and B appear as an OR term in the final output 


equation, and the input variable C appears complemented and ANDed with the 
term A + B. Gate G, is a second-level gate (second back from output), and gate 
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G, is a first-level gate (first gate from output). Notice also that the individual 
variables A and B are inputs to the second-level gate, and that the term A + B and 
the individual variable C are the inputs to the first-level gate. From this observa- 
tion, two rules for multilevel NOR logic can be stated: 


1. All odd-numbered gate levels (1, 3, 5, . . .) actas AND gates with single 
input variables complemented. 
2. All even-numbered levels (2, 4, 6, . . .) act as OR gates. 


To illustrate how this method can be applied to multilevel NOR logic, Ict us 
take the network shown in Figure 5-27 and proceed as follows. Replace each odd- 
level NOR gate with its equivalent negative-AND symbol, as shown in Figure 
5-28. Keep in mind that nothing has been changed operationally in the circuit; we 
are simply replacing the NOR gate symbol with an equivalent one. Now we can 
write the expression for the output based on the logical function at each level, as 
indicated by the gate symbol at that level. 


FIGURE 5-28 NOR/negative- Inversions cancel. 
AND equivalent of two-level 
NOR logic. 


X = (A + ВС 


Notice that the bubble output of gate G, is connected to the bubble input of 
gate G,. The bubble-to-bubble connection going from an even to an odd level 
effectively cancels the inversions. So, in this case, gate G, effectively looks like 
an OR gate. The only inversions occur for single input variables at odd levels. 

Next, let us take the three-level network of Figure 5-29(a) in order to further 
illustrate this method of analysis. By replacing gates G, and G, (odd-level gates) 
with their equivalent negative-AND symbols, we have the equivalent network of 
Figure 5-29(b). From this we can write the output expression as follows: 


X = (AB 4 C)D 


X = (AB+ C)D 


FIGURE 5-29 | Three-level NOR logic and its NORinegative-AND equivalent. 
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EXAMPLE Using the method just discussed, redraw the logic diagram and develop the 
5-7 output expression for the circuit in Figure 5-30. 


FIGURE 5-30 


A 
B 
С 
р 
Е 
F 


Solution Redraw the network with the equivalent negative-AND symbols at 
the odd levels, as shown in Figure 5-31. Writing the expression for X directly 
from the indicated logic operation at each level, we get 


X = (AB + СРЕ + F) 


X = (AB + СРЕ + Р) 


FIGURE 5-31 


SECTION 1. Use NOR gates to implement each expression. 
poo (а) Х=А+В b) X= АВ 
y 2. Implement the expression X = ABC + (D + E) with multilevel NOR logic. 


5-5 PULSED OPERATION 

pE 
The operation of combinational logic circuits with pulsed inputs follows the same 
logical operation we have discussed in the previous sections. The output of the 
logic network is dependent on the states of the inputs at any given time; if 
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the inputs are changing levels according to a time-varying pattern (waveform), the 
output depends on what states the inputs happen to be at any instant. The 
following is a summary of the operation of individual gates for use in analyzing 
combinational circuits with time-varying inputs: 


1. The output of an AND gate is HIGH only when all inputs are HIGH at 
the same time. 

2. The output of an OR gate is HIGH any time at least one of its inputs is 
HIGH. The output is LOW only when all inputs are LOW at the same 
time. 

3. The output of a NAND gate is LOW only when all inputs are HIGH at 
the same time. 

4. The output of a NOR gate is LOW any time at least one of its inputs is 
HIGH. The output is HIGH only when all inputs are LOW at the same 
time. 


The logical operation of any gate is the same regardless of whether its inputs 
are pulsed or constant levels. The nature of the inputs (pulsed or constant levels) 
does not alter the truth table operation of a gate. The following examples illustrate 
the analysis of combinational logic circuits with pulsed inputs. 


Determine the output waveform for the circuit in Figure 5-32(a), with the 
inputs as shown. 


FIGURE 5-32 


Solution X is shown in the proper time relationship to the inputs in Figure 
5-32(b). 


Determine the output waveform for the circuit in Figure 5-33(a) if the input 
waveforms are as indicated. 
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X= AB + AB 


Сз output 


G3 output 


FIGURE 5-33 


Solution When both inputs are HIGH or when both inputs are LOW, the 
output is HIGH. This is called a coincidence circuit or exclusive-NOR. The 
intermediate outputs of gates С, and С; are used to develop the final output. 
See Figure 5-33(b). 


EXAMPLE The pulse waveforms shown in Figure 5-34(a) are applied to the 7451 AND- 
5-10 OR-INVERT circuit in part (b). Sketch the output waveform at pin 6. 


(b) 7451 
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Solution The output waveform is shown in part (c) in the proper time rela- 
tionship to the inputs. 


SECTION 
REVIEW 
5-5 


5-6 


1. One pulse with ty, = 50 ps is applied to one of the inputs of an exclusive-OR 
circuit. A second positive pulse with fy, = 10 ps is applied to the other input 
beginning 15 ps after the leading edge of the first pulse. Sketch the output in 
relation to the inputs. 

2. The pulse waveforms A and B in Figure 5-32(a) are applied to the exclusive- 
NOR circuit in Figure 5-33(a). Sketch a complete timing diagram showing the 
output in relation to the inputs. 


TROUBLESHOOTING GATE NETWORKS 


In a typical combinational logic network, the output of one gate is connected to 
one or more gate inputs as shown in Figure 5-35. The interconneciing paths 
represent a common electrical point known as a node. 


FIGURE 5-35 Illustration of a 
node in a gate network. 


Gate G, in the figure is driving the node, and the other gates represent loads 
connected to the node. Several types of failures are possible in this situation. 
Some of these failure modes are difficult to isolate down to a bad gate because all 
the gates connected to the node are affected. The types of failures we will consider 
are as follows: 


1. Open output in driving gate. This failure will cause а loss of signal to all 
load gates. 

2. Open input in a load gate. This failure will not affect the operation of 
any of the other gates connected to the node, but it will result in loss of 
signal output from the faulty gate. 

3. Shorted output in driving gate. This failure can cause the node to be 
"stuck" in the LOW state. 
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4. Shorted input in a load gate. This failure can also cause the node to be 
“stuck” in the LOW state. 


We will now explore some approaches to troubleshooting each of the faults 
listed above. 


Open Output in Driving Gate 


In this situation, there is no pulse activity on the node. With circuit power on, an 
open node will normally result in a *'floating" level and will be indicated by a dim 
lamp on the logic probe, as illustrated in Figure 5-36. 


FIGURE 5-36 Open output іп 
driving gate. 


Open Input in a Load Gate 


If the check for an open driver output is negative, then a check for an open input in 
a load gate should be performed. Apply the logic pulser tip to the node. Then 


FIGURE 5-37 Open input in a load gate. 
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check the output of each gate for pulse activity with the logic probe, as illustrated 
in Figure 5-37. If one of the inputs that is normally connected to the node is open, 
no pulses will be detected on that gate’s output. 


Shorted Output in Driving Gate 


This fault can cause the node to be stuck LOW as previously mentioned. A quick 
check with a pulser and a logic probe will indicate this, as shown in Figure 
5-38(a). A short to ground in the driving gate’s output or in any gate input will 
cause this symptom, and therefore further checks must be made to isolate the 
short to a particular gate. 

If the driving gate’s output is internally shorted to ground, then, essentially, 
no current activity will be present on any of the connections to the node. Thus, a 
current tracer will indicate no activity with circuit power on, as illustrated in 
Figure 5-38(b). 


[ 
(а) Node “stuck” LOW (b) No current in node interconnections 


On = Current activity 


1 
(©) Tracing current along path into short 
FIGURE 5-38 Shorted output in driving gate. 
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To further verify a shorted output, a pulser and current tracer can be used 
with the circuit power off, as shown in Figure 5-38(c). When current pulses are 
applied to the node with the puiser, all of the current will flow into the shorted 
output and none will flow through the circuit paths into the load gate inputs. 


Shorted Input in a Load Gate 


If one of the load gate inputs is internally shorted to ground, the node will be stuck 
in the LOW state. Again, as in the case of a shorted output, the logic pulser and 
current tracer can be used to isolate the faulty gate. 

When the node is pulsed with circuit power off, essentially all the current 
will flow into the shorted input, and tracing its path with the current tracer will 
lead to the bad input, as illustrated in Figure 5-39. 


On = Current activity 


Shorted input 


FIGURE 5-39 Shorted input in a load gate. 


SECTION 1. List four common internal failures in logic gates. 

REVIEW 2. One input of a NOR gate is externally shorted to + Үг. How does this 
5-6 condition affect the gate operation? 

SUMMARY 


p——————————————— ииине 


О A sum-of-products expression can be implemented with AND-OR logic. 
O The output of an exclusive-OR gate is HIGH when the inputs have opposite states. The 
output of an exclusive-NOR ís HIGH when the inputs have the same states. 
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Any logic expression can be implemented using only NAND gates. 

Any logic expression can be implemented using only NOR gates. 

In multilevel NAND logic, all odd-numbered gate levels act as OR gates with single 
input variables complemented, and all even-nurmbered levels act as AND gates. 

In multilevel NOR logic, all odd-numbered gate levels act as AND gates with single 
input variables complemented, and all even-numbered levels act as OR gates. 
Common internal gate failures include open input or output and shorted input or 
output. 


„——є—————————-.—-——— 


1. Write the output expression for an AND-OR logic circuit having one 4-input AND gate 
with inputs A, B, C, and D and one 2-input AND gate with inputs Е and F. 

2. Sketch the logic circuit described by each of the following output expressions: 

(à) Y = ABC + АВС 7, (9 Y - AB * AB 
(© Y = ABCD + ABCD + ABCD 

3. Write the truth table for a logic circuit that produces a | output only when its three 
input variables represent a 2, 5, or 7 in binary and a 0 output for all other input states. 

4. Draw the logic circuit for the truth table specified in Problem 3. 

5. Whatis the maximum propagation delay through the circuit of Figure 5-16 if each gate 
and inverter has (рн. = рн = 8 ns? 

6. Draw the logic diagram for a multilevel NOR circuit having the output expression 
X = (A + B + СК + EF. 

7. Draw the logic diagram for a multilevel NAND circuit having the output expression 
X = ABC + DE « F. 

8. Acertain application requires that the absence of input pulses (constant LOWs) on two 
input lines be indicated by a HIGH output. The condition in which both inputs have 
simultaneous positive pulses must also be indicated by a HIGH output. Draw the logic 
diagram for this circuit. 

PROBLEMS 
Section 5-1 


5-1 Determine the truth table for each of the circuits in Figure 5-40. 


A A 
Lu D 
X X 
(a) (b) 


FIGURE 5-40 
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(d) 
FIGURE 5-40 (Continued) 


5-2 Determine the truth table for each circuit in Figure 5-41. 


A 
B A 
X 
с X 
C 
m (b) 


FIGURE 5-41 


5-3 Determine the truth table for the circuit shown in Figure 5-42. 


FIGURE 5-42 A 


5-4 Write the logic expression for the output of each of the circuits in Figure 5-43. 


= 


oo wa 


(а) 
(b) 


FIGURE 5-43 
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5-8 Write the logic expression without simplification for the output of cach of the circuits 
in Figure 5-44. 


mon ш A 
>< 
су 


(а) (b) 


м О суз > 
> 
хб т тз О со ww a 


(с) 


(d) 
FIGURE 5-44 


5-6 Develop the truth table for the circuit in Figure 5-45. 


FIGURE 5-45 д 


Aw 
>< 


5-7 Repeat Problem 5-6 with each AND gate replaced by a NAND gate and each OR 
gate replaced by a NOR gate. 


Section 5-2 

5-8 Use AND gates, OR gates, or combinations of both to implement the following logic 
expressions: 
(а) X = AB (ob) ХЕА+В 
(б) X = АВ + С (d X= ABC + D 


() X=A+B+C (f) X = ABCD 
(g) X = A(CD + В) h) X = AB(C + DEF) + СЕА + В + Р) 


— = 
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5-9 


5-10 


5-11 


5-12 
5-13 


5-14 


5-15 


5-16 


Use AND gates, OR gates, and inverters as needed to implement the following logic 


expressions: — _ E 
(а) X = AB + BC (b X = A(B * C) 4 
(с) X = АВ + AB (d X = ABC + BEF + G) 


(e) X = A[BC(A + B + C + D)] (f) X = B(CDE + EFGYAB + C) 

Use NAND gates, NOR gates, or combinations of both to implement the following 
logic expressions: 

(а) X = АВ + CD + (A + B(ACD + BE) 

(b) X = ABCD + DEF + AF 

(с) X = A[B + C(D + E)] 

Show how the following expressions can be implemented using only NAND gates: 


(a) Х = ABC (b) X-ABC _ 
© X=A+B _ (d ХЕАЗВ+С 
(е) X = АВ + CD (f) X = (A + BC + D) 


(B X = AB[C(DE + AB) + ВСЕ] 
Repeat Problem 5-11 using only NOR gates. 
Develop the logic circuit necessary to meet the following requirements: 


A lamp in a room is to be operated from two switches, one at the back 
door and one at the front door. The lamp is to be on if the front switch is 
on and the back switch is off, or if the front switch is off and the back 
switch is on. The lamp is to be off if both switches are off or if both 
switches are on. Let a HIGH output represent the on condition and a LOW 
output represent the off condition. 


Design a logic circuit to produce a HIGH output if and only if the input, represented 
by a 4-bit binary number, is greater than 12 or less than 3. First develop the truth 
table and then draw the logic diagram. 

Simplify the circuit in Figure 5-46 as much as possible, and verify that the simplified 
circuit is equivalent to the original by showing that their truth tables are identical. 


FIGURE 5-46 A 
B 


Ç 


Repeat Problem 5-15 for the circuit in Figure 5-47. 


FIGURE 5-47 4 
B 
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5-17 Minimize the gates required to implement the functions in each part of Problem 5-9. 
5-18 Minimize the gates required to implement the functions in each part of Problem 
5-10. 


5-19 Minimize the gates required to implement the functions in each part of Problem 
5-11. 


Sections 5-3 and 5-4 

5-20 Implement the logic circuit in Figure 5-45 using only NAND gates. 
5-21 Implement the logic circuit in Figure 5-47 using only NAND gates. 
5-22 Repeat Problem 5-20 using only NOR gates. 

5-23 Repeat Problem 5-21 using only NOR gates. 


Section 5-5 

5-24 Given the logic circuit and the input waveforms in Figure 5-48, sketch the output 
waveform. 
ч Г 
А о LT LT LFLTL- 
FIGURE 5-48 


5-25 For the logic circuit in Figure 5-49, sketch the output waveform in proper relation to 


tob ис 


5-26 For the input waveforms in Figure 5-50, what logic circuit would generate the 
output waveform shown? 


FIGURE 5-50 meres weer 
Inputs 4 В | | | | 
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5-27 


5-29 


Repeat Problem 5-26 for the waveforms in Figure 5-51. 


FIGURE 5-51 red RE [ 3 1 ER [bar 
| 
Output X | | 


For the circuit in Figure 5-52, sketch the waveforms at each point indicated, in the 
proper relationship to each other. 


А ПТТ А 
B 11! В 
[^ с 
D | р 
E ^j M E 
Е ПИ Е Е 
FIGURE 5-52 


Assuming a propagation delay through each gate of 10 nanoseconds (ns), determine 
if the desired output waveform in Figure 5-53 (a pulse with a minimum ty = 25 ns 
positioned as shown) will be generated properly with the given inputs. 


FIGURE 5-53 


B 
c 
c REPE IR ei ra ee tors 
ОНОО е ИВАНЕ В, 


100-ns pulse width 


м م‎ 


25-ns minimum 
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Section 5-6 
5-30 For the logic circuit and the input waveforms in Figure 5-54, the indicated output 


waveform is observed. Determine if this is the correct output waveform. 


FIGURE 5-54 A ӨГ Я 


x ГЇ 


5-31 The output waveform in Figure 5-55 is incorrect for the inputs that are applied to the 
circuit. Assuming that one gate in the circuit has failed with its output either a 
constant HIGH or a constant LOW, determine the faulty gate and the failure (output 
open or shorted) mode that would cause the erroneous output. 


FIGURE 5-55 


ооу > 


m 


5-32 Repeat Problem 5-31 for the circuit in Figure 5-56, with input and output waveforms 
as shown. 


FIGURE 5-56 
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5-33 The node in Figure 5-57 has been found to be stuck in the LOW state. A pulser and 
current tracer yield the indications shown in the diagram. From this, what would 
you conclude? 


FIGURE 5-57 


5-34 Figure 5-58(a) is a logic network under test. Figure 5~58(b) shows the waveforms as 
observed on a logic analyzer. The output waveform is incorrect for the inputs that 
are applied to the circuit. Assuming that one gate in the network has failed with its 
output either a constant HIGH ога constant LOW, determine the faulty gate and the 
failure mode that would cause the erroneous output. 


FIGURE 5-58 
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ANSWERS TO SECTION REVIEWS 


Section 5-1 
ат фо (909 
2. (а); (b) 0 (© 1 (d) 0 


3. X = 1 when ABC = 000, 011, 101, 110, and 111, 
X = 0 when ABC = 001, 010, and 100. 


4. X = АВ + AB; the circuit consists of two AND gates, one OR gate, and two inverters. 


Section 5-2 
1. (a) Three AND gates, one OR gate (b) Three AND gates, one OR gate 


2. X = ABC + ABC; two AND gates, one OR gate, and three inverters. 


Section 5-3 3 
1. (a) A two-input NAND gate with A and B on its inputs. 


(b) Atwo-input NAND with A and B on its inputs, followed by one NAND used as an 
inverter. 


2. А three-input NAND with inputs A, B, and C, with its output connected to a second 
three-input NAND with two other inputs, D and E. 

Section 5-4 Ар 

1. (а) А two-input NOR with inputs А and B, followed by one NOR used as an inverter. 
(b) A two-input NOR with A and B on its inputs. 

2. A three-input NOR with inputs A, B, and C, with its output connected to a second 
three-input NOR with two other inputs, D and E. 

Section 5-5 

1. А 15-ps pulse followed by a 25-ys pulse, with a separation of 10 ps between the pulses. 

2. The output is HIGH when both inputs are HIGH or when both inputs are LOW. 

Section 5-6 


1. Open input or output; shorted input or output. 
2. Output is always LOW. 


In this chapter, several types of MSI combina- - 
tional jogic functions are studied, including _ 
adders, comparators, decoders, encoders, code 
converters, multiplexers (data selectors), de- 
multiplexers, and parity generators/checkers. ; 
Examples of applications of many of these 
devices are presented to provide а basic idea of _ 
how the devices can be used in practical situa- 
tions. Also, а simple application-of the logic. 
i analyzer and oscilloscope in ив digi- 
` ‘tal systems is introduced. — 


Specific devices introduced in this Фар ; 


` аге as follows: 


row ‘two-bit binary adder 

/7483A four-bit parailel binary adder 
23, 7485 four-bit magnitude comparator 
4154 four-line-to-sixteen-line decoder 
442A. BCD-to-decimal decoder 


157 quadruple two-input data selec- 

` tor/multiplexer 

"74151A eight-input data selector/multi- 

7 < plexer 

10. 74150 sixteen-input data selector/multi- 
plexer 

11. 74139 dual two-line-to-four-line de- 
€oder/demultiplexer 

12. 74180 nine-bit parity generator/checker 

13. 74138 three-line-to-eight-line decoder/ 
demultiplexer 


Py E 


7449 BCD-to-seven-segment decoder! _ 
4147 decimal-to-BCD priority encoder 


a. 


j o 


I 
О 


o 
п 


o 


1 


3 binary to Gray code, and Gray code to bi- 
"E 


2.0090 


iN № this chapter, you will iearn 


Mos. f-adders and full-adders work. 
How rs are used to implement mult 
obit ‘parallel binary adders. 


Тһе purpose of the magnitude comparator - 


What limits the add times of parallel edes 
` and how the addition process can be speeded 
up with the /2ok-ahead-carry method. 


and how it works. 
How to implement a basic binary decoder. 
How binary, BCD-to-decimal, and BCD-to- 
seven-segment decoders work. Н 
The principles of LEO and LCD displays. 

How to use BCD-to-seven-segment decoders 
in display systems. 
-How the decimal-to-BCD priority encoder 
works and how it can be applied in a simple 
keyboard application. 
Methods for converting from BCD to binary, 


nary.. 
How multiplexers work and how they are ap- 
plied in data selection, multiplexed displays, 
logic function generation, and simple commu- 
nications systems. 
How decoders are used as demultiplexers. 
What parity means. 
How errors are detected in digital systems 
using parity generators and checkers. 
How a simple data communication system 
can be implemented: 
What glitches are and how their causes can 
be identified. 
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6-1 ADDERS 
Half-Adder 
Recall the basic rules for binary addition as stated in Chapter 2. 
0+0= 0 
0+1= 1 
1+0= 1 
1+ 1= 10, 


These operations are performed by a logic circuit called a half-adder. The half. 
adder accepts two binary digits on its inputs and produces two binary digits on its 
outputs, a sum bit and a carry bit, as shown by the ANSI/IEEE Std. 91-1984 logic 
symbol in Figure 6-1. 


FIGURE 6-1 Logic symbol for 
a half-adder. 


Sum 


Outputs 


Carry 


From the logical operation of the half-adder as expressed in Table 6-1, 
expressions can be derived for the sum and carry outputs as functions of the 
inputs. Notice that the carry output CO is a 1 only when both P and О are 1$; 
therefore, CO can be expressed as the AND of the input variables. 


CO - PQ (6-1) 


Now observe that the sum output (X) is a 1 only if the input variables are not 
equal. The sum can therefore be expressed as the exclusive-OR of the input 
variables. 


> = Р@О (6-2) 
From these two expressions, the implementation required for the half-adder 
function is apparent. The carry output is produced with an AND gate with ? and О 


TABLE 6-1 Half-adder truth 
table. 


У = sum 
CO = carry output 
P and Q = input variables (operands) 
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on the inputs, and the sum output is generated with an exclusive-OR gate as 
shown in Figure 6-2. 


FIGURE 6-2 Half-adder logic 


diagram. RIS) 


CO (Carry output) 


Full-Adder 


The second basic category of adder is the full-adder. The full-adder accepts three 
inputs and generates a sum output and a carry output. So, the basic difference 
between a full-adder and a half-adder is that the full-adder accepts an additional 
input that allows for handling input carries. An ANSI/IEEE logic symbol for а 
full-adder is shown in Figure 6-3, and the truth table in Table 6-2 shows its 
operation. 


FIGURE 6-3 Logic symbol for 
a full-adder. 


TABLE 6-2 Truth table for a 
full adder. 


СІ = input carry 
CO = output carry 
У = sum 
P and О = input variables (operands) 


The full-adder must sum the two input bits and the input carry bit. From the 
half-adder we know that the sum of the input bits P and Q is the exclusive-OR of 
those two variables, P Ф Q. In order to add the input carry CI to the input bits, it 
must be exclusive-ORed with P ® Q, yielding the equation for the sum output of 
the full-adder. 


> = (Р® 0 © CI (6-3) 
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This means that to implement the full-adder sum function, two exclusive-OR 
gates can be used. The first must generate the term P @ Q, and the second has as 
its inputs the output of the first gate and the input carry as illustrated in Figure 
6-4(a). 


P 
Q 


CI 


P®Q 


E = (P @ Q) @ CI 


(a) Logic required to form the sum of three bits 


D СО = РО + (P 6 Q)CI 


(b) Complete logic circuitry for a full-adder (each half-adder is shown in a shaded block). 
FIGURE 6-4  Full-adder logic. 
The output carry is a 1 when both inputs to the first exclusive-OR gate are 1$ 


or when both inputs to the second exclusive-OR gate are Is. You can verify this 
by studying Table 6-2. The output carry of the full-adder is therefore P ANDed 


p? 
bi 
Q 
co 
CI 


(b) Full-adder logic symbol 


(a) Arrangement of two half-adders to form a full-adder 


FIGURE 6-5  Full-adder. 


EXAMPLE 
6-1 
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with О, РФ О ANDed with CI, and these two terms ОКей as expressed in 
Equation (6-4). This function is implemented and combined with the sum logic to 
form a complete full-adder circuit, as shown in Figure 6-4(b). 


СО = РО + (РФ Q)CI (6-4) 


Note that in Figure 6-4(b) there are two half-adders, connected аз shown in 
the block diagram of Figure 6-5(a), with their output carries ORed. The logic 
symbol as shown in Figure 6-5(b) will normally be used to represent the full- 
adder. 


Determine an alternate method for implementing the full-adder. 


Solution Going back to Table 6-2, we can write sum-of-products expressions 
for both X and CO by observing the input conditions that make them 1s. The 
expressions are as follows: 


X = POCI + РОСТ + POCI + РОС 
СО = РОС! + РОСТ + РОСТ + РОС! 
These two functions are implemented with AND/OR logic as shown in Figure 
6-6 without simplification. The CO function can be simplified; see if you can do 
it. 


*This term is common 
to both E and CO, 
so only one gate is 
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6-2 


1. Determine the sum (X) and the carry output (CO) of a half-adder for each set 
of input bits. 
(a) 01 (b) 00 (c) 10 (d) 11 

2. Afull-adder has CI — 1. What are the sum (X) and the carry output (CO) when 
Р = 1апд О = 1? 


PARALLEL BINARY ADDERS 


As we have seen, a single full-adder is capable of adding two one-bit numbers and 
an input carry. In order to add binary numbers with more than one bit, additional 
full-adders must be employed. When one binary number is added to another, each 
column generates a sum and a 1 or 0 carry to the next higher-order column, as 
illustrated with two-bit numbers: 


Carry from right column 

1 

11 
+01 

Carry from 100 

second column 

becomes a sum iis 


To implement the addition of binary numbers with logic circuits, a full-adder 
is required for each column. So, for two-bit numbers, two adders are needed; for 
three-bit numbers, three adders are used; and so on. The carry output of each 
adder is connected to the carry input of the next higher-order adder, as shown in 
Figure 6-7 for a two-bit adder. It should be pointed out that either a half-adder can 
be used for the least significant position or the carry input of a full-adder is made 0 
because there is no carry into the least significant bit position. 


Pı Qi Po Qo 
General format, addition 
of two 2-bit numbers: 0 
PıPo РОЯ 
+ 0100 
HEE 
CO Е 
(MSB) E; E, Ep (LSB) 


FIGURE 6-7 Block diagram of a two-bit parallel adder. 
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In Figure 6-7, the least significant bits of the two numbers are represented 
by P, and Qo. The next higher-order bits are represented by P, and Q,. The three 
complete sum bits аге Xo, Z,, and X. Notice that the output carry from the left- 
most full-adder becomes the most significant sum bit. 


(a) Logic symbol 
(pin numbers in parentheses) 


(b) Logic diagram 


FIGURE 6-8 7482 two-bit binary full-adder. 
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The 7482 Two-Bit Binary Full-Adder 


The 7482 is an example of an integrated circuit two-bit adder. It is a TTL medium- 
scale integrated (MSI) circuit with two interconnected full-adders in one package. 
A logic symbol with pin numbers and a logic diagram are shown in Figure 6-8 (p. 
205). Table 6-3 is the truth table for this device. 

Notice the input and output labels on this device: P, and O, are the LSB 
inputs, and P, and Q, are the MSB inputs. CI is the carry input to the least 
significant bit adder; CO is the carry output of the most significant bit adder; and 
Zo (LSB) and X, (MSB) are the sum outputs. (Labels may vary from one manufac- 
turer to another.) 


TABLE 6-3 Truth table for a 7482 two-bit binary full-adder. 


Outputs 
When CI — 


AME Verify that the two-bit parallel adder in Figure 6-9 properly performs the 
following addition: 


11 
+10 
101 


Solution The logic levels at each point in the circuit for the given input пит- 
bers are determined from the truth table of each gate. By following these levels 
through the circuit as indicated on the logic diagram, we find that the proper 
levels appear on the sum outputs. 


гуа н аа УУ ee ee е0 2 ТҮ» ОООО 
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FIGURE 6-9 


Рз Q3 P, Q2 P, О, Ро Qo 


General format, addition 

of two 4-bit numbers: 
P3P3 P, Po 

+ 03020100 (MSB) 
E3EjE;Eo 


(b) Logic symbol 


FIGURE 6-10  Four-bit parallel binary adder. 
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EXAMPLE 
6-3 


EXAMPLE 
6-4 
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Four-Bit Parallel Adders 


A four-bit binary parallel adder is shown in Figure 6-10 (p. 207). Again, the least 
significant bits in each number being added (operands) go into the right-most full- 
adder; the higher-order bits are applied as shown to the successively higher-order 
adders, with the most significant bits in each number being applied to the left-most 
full-adder. The carry output of each adder is connected to the carry input of the 
next higher-order adder. 


Show how to connect two 7482 adders to form a four-bit adder. 


Solution Figure 6-11 shows two 7482s used as a four-bit adder. Additional bits 
can be added by connecting the CO of the most significant adder to the CI of 
the next adder, and so on. Note that the CI of the least significant adder is 
grounded (0) because there is no carry input to this stage. 


FIGURE 6-11 A four-bit adder 
using two 7482s. 


Show how two 7483A four-bit parallel adders can be connected to form an 
eight-bit parallel adder. Show outputs for 


P,P,P,P,PSP,P,Py = 10111001 


and 
070,0s0403020100 = 10011110 


Solution The only connection between the two 7483As is the carry output 
(CO) of the lower-order adder to the carry input (CI) of the higher-order adder, 
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as shown in Figure 6-12. Pin 13 of the least significant 7483A is grounded (no 
input carry). 


FIGURE 6-12 Two 7483A four- 
bit parallel binary adders con- 

nected to form an eight-bit ‘fits 
parallel adder (pin numbers = 
in parentheses). Pis 


Qs = 


© 

a 

1 
обои = = 


© 
m 
i 


SECTION 1. Two 2-bit binary numbers (11, and 10,) are applied to а two-bit parallel adder. 


REVIEW The input carry is 1. Determine the sum (X) and the output carry. 
6-2 2. Draw a diagram showing 7482s connected to form an eight-bit parallel adder. 
6-3 A METHOD OF SPEEDING ADDITION 


The parallel adders covered so far are ripple carry types in which the carry output 
of each full-adder stage is connected to the carry input of the next higher-order 
stage. The sum and carry outputs of any stage cannot be produced until the input 
carry occurs; this leads to a time delay in the addition process, as illustrated in 
Figure 6-13. The carry propagation delay for each full-adder is the time from the 
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FIGURE 6-13 А four-bit parallel binary ripple carry adder showing typical carry propa- 
gation delays. 


application of the input carry until the output carry occurs, assuming that the P 
and Q inputs are present. 

Full-adder 1 cannot produce a potential carry output until a carry input is 
applied. Full-adder 2 cannot produce a potential carry output until full-adder 1 
produces a carry output. Full-adder 3 cannot produce a potential carry output 
until a carry output is produced by full-adder 1 followed by a carry output from 
full-adder 2, and so on. As you can see, the input carry to the least significant 
stage has to “‘ripple’’ through all of the adders before a final sum is produced. A 
cumulative delay through all of the adder stages is a “worst-case” addition time. 
The total delay can vary, depending on ihe carries produced by each stage. If two 
numbers are added such that no carries occur between stages, the add time is 
simply the propagation time through a single full-adder from the application of the 
data bits on the inputs to the occurrence of a sum output. 


The Look-Ahead-Carry Adder 


As you have seen in the discussion of the parallel adder, the speed with which an 
addition can be performed is limited by the time required for the carries to prop- 
agate or ripple through all of the stages of the adder. One method of speeding up 
this process by eliminating this ripple carry delay is called look-ahead-carry 
addition; this method is based on two functions of the full-adder, called the carry 
generate and the carry propagate functions. 

The carry generate (CG) function indicates when an output carry is pro- 
duced (generated) by the full-adder. A carry is generated only when both input 
bits are 1s. This condition is expressed as the AND function of the two input bits, 
P and Q: 


CG - PQ 
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A carry input may be propagated by the full-adder when either or both of the 
input bits are Is. This condition is expressed as the OR function of the input bits: 


СРЕР+О 


The carry generate and carry propagate conditions are illustrated in Figure 6-14. 


Carry generated Carry propagated Carry propagated Carry propagated 


FIGURE 6-14 Illustration of carry generate and carry propagate conditions. 


How can the carry output of a full-adder be expressed in terms of the carry 
generate (CG) and the carry propagate (CP)? The output carry (CO) is a 1 if the 
carry generate is a 1 OR if the carry propagate is a 1 AND the input carry (CI) isa 
1, In other words, we get an output carry of 1 if it is generated by the full-adder 
(P — 1 AND Q - I) or if the adder can propagate the input carry (P — 1 OR 
О = 1) AND CI = 1. This relationship is expressed as 


CO = СС + СР. CI 


P3 Q3 P, Q Pi. О, Po Qo 
сы 
PO Ст 
CO L 
СОЗ CO; CO, COo 

Full-adder 3 Full-adder 2 Full-adder 1 Futl-adder 0 

ССз = P303 СС) = Р.О, CG; = Ро, CG, = PoQo 

CP; = Р; + Оз СР; = Р, + 0; CP, =Р + Qi CPo = Py + Qo 


FIGURE 6-15 Carry generate and carry propagate functions in terms of the input bits to 
а four-bit adder. 
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Now we will see how this concept can be applied to a parallel adder whose 
individual stages are shown in Figure 6-15 (p. 211) for a four-bit example. For 
each full-adder, the output carry is dependent on its carry generate (CG), its carry 
propagate (CP), and its carry input (CI). The CG and CP functions for each stage 
are immediately available as soon as the input bits Р and О and the input carry to 
the LSB adder are applied, because they are dependent only on these bits. The 
carry input to each stage is the carry output of the previous stage. Based on this, 
we will now develop expressions for the carry out, CO, of each full-adder stage for 
the four-bit example. 


Full-adder 0: 
CO, = CG, + CPoClo (6-5) 
Full-adder 1: 
Cl, = CO, 
CO, = CG, + CP,CI, 
= CG, + CP,CO, 
= CG, + CP,(CG, + CPoClo) 
CO, = CG, + CP,CG, + CP,CP,Cly (6-6) 
Full-adder 2: 
CL = CO, 


CO, = CG, + CP,CO, 
CG, + CP4(CG, + CP,G, + CP, CP,Cly) 
CO, = CG, + CP,CG, + CP,CP,CGy + CP,CP,CP Clo (6-7) 
Full-adder 3: 
Cl, = CO, 
СО, = CG, + СР.СЬ 
= CG, + CP,CO; 
SCO at: CP,(CG, + CP,CG, + CP,CP,CGy + CP,CP,CP Clo) 
CO, = CG; + CP,CG, + CP,CP,CG, + CP,CP,CP,CGy + CP;CP,CP,CPoC io 
( 


1 


Notice that in each of these expressions, the carry output for each full-adder 
stage is dependent only on the initial input carry (С), its CG and CP functions, 
and the CG and CP functions of the preceding stages. Since each of the CG and CP 
functions can be expressed in terms of the P and О inputs to the full-adders, all of 
the output carries are immediately available (except for gate delays), and we do 
not have to wait for a carry to ripple through all of the stages before a final result is 
achieved. Thus the look-ahead-carry technique speeds up the addition process. 

Equations (6-5) through (6-8) can be implemented with logic gates and 
connected to the full-adders to create a look-ahead-carry adder, as shown in 
Figure 6-16. 


Со (LSB) 


E, (MSB) 


tage look-ahead-carry adder. 


FIGURE 6-16 Logic diagram for a four-s. 
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1. The input bits to a full-adder are P = 1 and Q = 0. Determine CG and CP. 
2. Determine the carry output of a full-adder when CI = 1, CG = 0, and СР = 1. 


MAGNITUDE COMPARATORS 


The basic function of a magnitude comparator is to compare the magnitudes of 
two quantities in order to determine the relationship of those quantities. In its 
simplest form, a comparator circuit determines whether two numbers are equal 

The exclusive-OR gate is a basic comparator because its output is a 1 if its 
two input bits are not equal and a 0 if the inputs are equal. Figure 6-17 shows the 
exclusive-OR as a two-bit comparator. 


0 Indicates the input bits are equal. 1 Indicates the input bits are not equal. 


| Indicates the input bits are not equal. 0 Indicates the input bits are equal. 


FIGURE 6-17 Basic comparator operation. 


In order to compare binary numbers containing two bits each, an additional 
exclusive-OR gate is necessary. The two least significant bits (LSBs) of the two 
numbers are compared by gate G,, and the two most significant bits (MSBs) are 
compared by gate С», as shown in Figure 6-18. If the two numbers are. equal, their 
corresponding bits are the same and the output of each exclusive-OR gate is a 0. If 
the corresponding sets of bits are not equal, a | occurs on that exclusive-OR gate 
output. In order to produce a single output indicating an equality or inequality of 


Р 
Lm ICD рек У-— 
RD E ubi equality. 
Р 
MSBs d )) с) =; 


General format: Number Р + РуРо 
Number О > 0100 


FIGURE 6-18 Logic diagram for comparison of two 2-bit binary numbers. 


EXAMPLE 
6-5 
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two numbers, two inverters and an AND gate can be employed, as shown in 
Figure 6-18. The output of each exclusive-OR gate is inverted and applied to the 
AND gate input. When the two input bits for each exclusive-OR are equal, the 
corresponding bits of each number are equal, producing a 1 on both inputs to 
the AND gate and thus a 1 on the output. When the two numbers are not equal, 
one or both sets of corresponding bits are unequal, and a 0 appears on at least one 
input to the AND gate to produce a 0 on its output. Thus the output of the AND 
gate indicates equality (1) or inequality (0) of the two numbers. Example 6-5 
illustrates this operation for two specific cases. The exclusive-OR gate and in- 
verter are replaced by an exclusive-NOR symbol. 


Apply each of the following sets of binary numbers to comparator inputs, and 
determine the output by following the logic levels through the circuit: 
(а) 10 and 10 (b) 11 and 10 


Solutions 
(a) The output is 1 for inputs 10 and 10, as shown in Figure 6-19(a). 
(b) The output is 0 for inputs 11 and 10, as shown in Figure 6-19(b). 


(а) 


FIGURE 6-19 


The basic comparator circuit can be expanded to any number of bits, as 
illustrated in Figure 6-20 for two 4-bit numbers. The AND gate sets the condition 


FIGURE 6-20 Logic diagram Po 

for the comparison of two Qo 

4-bit binary numbers, P, 

P;P,P)P, and Q;0;0,Q»- о Pen 
P2 
Qo 
P3 
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that all corresponding bits of the two numbers must be equal if the two numbers 
themselves are equal. 

Some integrated circuit comparators provide additional outputs that indicate 
which of the two numbers being compared is the larger. That is, there is an output 
that indicates when number P is greater than number Q (P > Q) and an output that 
indicates when number P is less than number Q (P < Q), as shown in the logic 
symbol for a four-bit comparator in Figure 6-21. 


FIGURE 6-21 Logic symbol for 
a four-bit comparator with in- 
equality indication. 


A general method of implementing these two additional output functions is 
shown in Figure 6-22. In order to understand the logic circuitry required for the 
Р > Qand P < О functions, let us examine two binary numbers and determine 
what characterizes an inequality of the numbers. 

For our purposes we will use two 4-bit binary numbers with the general 
format P,P;P,P, for one number, which we will call number P, and 0400,0, for 
the other number, which we will call number Q. To determine an inequality of 
numbers P and Q, we first examine the highest-order bit in each number. The fol- 
lowing conditions are possible: 


1. P, = land Q, = 0 indicates that number P is greater than number Q. 

2. P, = 0 and О, = 1 indicates that number P is less than number Q. 

3. ИР, = Q;, then we must examine the next lower bit position for an 
inequality. uw te 


The three observations are valid for each bit position in the numbers. The 
general procedure is to check for an inequality in a bit position, starting with the 
highest order. When such an inequality is found, the relationship of the two 
numbers is established and any other inequalities in lower-order bit positions must 
be ignored because it is possible for an opposite indication to occur—the highest- 
order indication must take precedence. To illustrate, let us assume that number P 
is 0111 and number Q is 1000. Comparison of bits P, and О, indicates that P < Q 
because P, = 0 and О, = 1. However, comparison of bits P; and Q, indicates 
P > О because Р, = 1 and О, = 0. The same is true for the remaining lower-order 


P3 


Note: Inverters at inputs 
Qo for complement generation 
and some connections 
are omitted for clarity. 


FIGURE 6-22 Logic diagram for a four-bit comparator. 
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Analyze the comparator operation for the numbers Р = 1010 and О = 1001 


Solution Figure 6-23 shows all logic levels within the comparator for the 
specified inputs. 


P3 
0з 
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If not for this priority inhibit, 
Сд would produce an invalid 
indication because all of its 
other inputs are HIGH (1). 
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bits. In this case, priority must be given to P, and О, because they determine the 
proper inequality condition. 

Figure 6-22 shows a method of comparing two 4-bit numbers and generating 
аР > О, огаР < 0, огаР = О output. The P > О condition is determined Бу 
gates Ge through Со. Gate Gg checks for P, = 1 and О, = 0, and its function is 
expressed as P,Q; gate G; checks for Р, = 1 and Q, = 0 (P,Q5); gate Gg checks 
for P, = 1 and О, = 0 (P,Q,); gate Gy checks for Py = 1 and Qo = 0 (РО). 
These conditions all indicate that number P is greater than number Q. The output 
of each of these gates is ОКей by gate Go to produce the P > Q output. 

Notice that the output of gate G, is connected to inputs of gates G7, Gg, and 
Со. This provides a priority inhibit so that if the proper inequality occurs in bits Р, 
and О, (P, < О), the lower-order bit checks will be inhibited. A priority inhibit is 
also provided by gate G, to gates Съ and Со, and by gate С; to gate Gy. 

Gates G,, through G,, check for a P < О condition. Each AND gate checks 
a given bit position for the occurrence of a 0 in the number P and a 1 in number Q. 
Each AND gate output is ORed by gate G,, to provide the P < О output. Priority 
inhibiting is provided as previously discussed. When all four bits in P equal the 
bits in Q, the output of each exclusive-OR gate is 1. This enables С; to produce a 1 
on the P — Q output. 

Example 6-6 shows the comparison of specific numbers and indicates the 
logic levels throughout the circuitry. You should also go through the analysis with 
numbers of your own choosing to verify the operation. 


The 7485 Four-Bit Magnitude Comparator 


The 7485 is a representative integrated circuit comparator in the 54/74 family. The 
logic symbol is shown in Figure 6-24. 

Notice that this device has all of the inputs and outputs of the generalized 
comparator just discussed, and in addition it has three cascading inputs. These 
inputs allow several comparators to be cascaded for comparison of any number of 
bits. To expand the comparator, the P < Q, P = Q, P > О outputs of the less 


FIGURE 6-24 Logic symbol for 
the 7485 four-bit magnitude com- 
parator (pin numbers are in 
parentheses). 
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significant comparator are connected to the corresponding cascading inputs of the 
next higher comparator. The least significant comparator must have a HIGH on 
the = input and LOWs on the < and > inputs. 


Use 7485 comparators to compare the magnitudes of two 8-bit binary numbers. 
Show the comparators with proper interconnections. 


Solution Two 7485s are required for eight bits. They are connected as shown 
in Figure 6-25 in a cascaded arrangement. 


FIGURE 6-25 An eight-bit mag- 
nitude comparator using two 
7485s. 
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SECTION 1. P = 1011; and Q = 1010, are applied to the operand Jur of a 7485. 

REVIEW Determine the outputs. 

6-4 2. P = 11001011, and О = 11010100, are applied to the eight-bit comparator in 
Figure 6-25. Determine the states of pins 5, 6, and 7 on each 7485. 


6-5 DECODERS 


The basic function of a decoder is to detect the presence of a specified combina- 
tion of bits (code) on its inputs and to indicate that presence by a specified output 
level. In its general form, a decoder has л input lines to handle п bits and from one 
to 2" output lines to indicate the presence of one or more n-bit combinations. 


The Basic Binary Decoder 


Suppose we wish to determine when a binary 1001 occurs on the inputs of a digital 
circuit. An AND gate can be used as the basic decoding element because it 
produces a HIGH output only when all of its inputs are HIGH. Therefore, we 
must make sure that all of the inputs to the AND gate are HIGH when the binary 
number 1001 occurs; this can be done by inverting the two middle bits (the 05), as 
shown in Figure 6-26. 


4 C55 


(MSB) 
(а) (5) 


FIGURE 6-26 Decoding logic for 1001 with an active-HIGH output. 


The logic equation for the decoder of Figure 6-26(a) is developed as illus- 
trated jn Figure 6-26(b). You should verify that the output function is 0 except 
when А = 1, B = 0, C = 0, and D = 1 аге applied to the inputs. A is the LSB and 
D is the MSB. In the representation of a binary number or other weighted code in 
this book, the LSB is always the right-most bit in a horizontal arrangement and the 
top-most bit in a vertical arrangement, unless specified otherwise. 
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If a NAND gate is used in place of the AND gate, as shown in Figure 6-27, a 
LOW output will indicate the presence of the proper binary code. 


FIGURE 6-27 Decoding logic 1 
for 1001 with an active-LOW 
output. 0 


Determine the logic required to decode the binary number 1011, by producing а 
HIGH indication on the output. 


Solution The decoding function can be formed by complementing only the 
variables that appear as 0 in the binary number as follows: 


X = DCBA 


This function can be implemented by connecting the true (uncomplemented) 
variables A, B, and D directly to the inputs of an AND gate, and inverting the 


variable C before applying it to the AND gate input. The decoding logic is 
shown in Figure 6-28. 


FIGURE 6-28 Decoding logic 
for producing a HIGH output is 
when 1011, is on the inputs. Х = DC B4 


The Four-Bit Binary Decoder 


In order to decode all possible combinations of four bits, sixteen decoding gates 
are required (2^ = 16). This type of decoder is commonly ealled a 4-line-to-16-line 
decoder because there are four inputs and sixteen outputs. A list of the sixteen 
к code words and their corresponding decoding functions is given in Table 
If an active-LOW output is desired for each decoded number, the entire 
decoder can be implemented with NAND gates and inverters as follows: 
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First, since each variable and its complement are required in the decoder as 
seen from Table 6-4, the complements can be generated once and then used for all 
decoding gates as required, rather than duplicating an inverter each place a 
complement is used. This arrangement is shown in Figure 6-29. 


FIGURE 6-29 Logic for a 4-line- 
to-16-line decoder. 
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In order to decode each of the sixteen binary code words, sixteen NAND 
gates are required (AND gates can be used to produce active-HIGH outputs). The 
decoding gate arrangement is illustrated in Figure 6-29. 

Rather than reproduce the complex logic diagram for the decoder each time 
it is required in a schematic, a simpler representation is normally used. A logic 
symbol for а 4-line-to-16-line decoder is shown in Figure 6-30. 


FIGURE 6-30 Logic symbol for 
a 4-line-to-16-line, decoder. 
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The 74154 4-Line-to-16-Line Decoder 


The 74154 is a good example of a TTL MSI decoder. Its logic diagram is shown in 
Figure 6-31(a), and the logic symbol appears in Figure 6-31(b). The additional 
inverters on the inputs are required to prevent excessive loading of the driving 
source(s). Each input is connected to the input of only one inverter, rather than to 
the inputs of several NAND gates as in Figure 6-29. There is also an enable 
function provided on this particular device, which is implemented with a NOR 
gate used as a negative AND. A LOW level on each input, G, and Ga, is required 
in order to make the enable gate output (G) HIGH. The enable gate output is 
connected to an input of each NAND gate, so it must be HIGH for the gates to be 
enabled. If the enable gate is not activated (LOW on both inputs), then all sixteen 
decoder outputs will be HIGH regardless of the states of the four input variables, 
A, B, C, and D. г 
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(a) Logic diagram 


FIGURE 6-31 The 74154 4-line-to-16-line decoder, 
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(b) Logic symbol 


EXAMPLE A certain application requires that a five-bit binary number be decoded. Use 
6-9 74154 decoders to implement the logic. The binary number is represented as 
A4A3A5A Ао. 
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Solution Since the 74154 can handle only four bits, two decoders must be used 
to decode five bits. The fifth bit, A,, is connected to the enable inputs, G, and 
G,, of one decoder, and A, is connected to the enable inputs of the other 


74154 


Low-order 


High-order 


FIGURE 6-32 А five-bit binary decoder using 741545. 
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decoder, as shown in Figure 6-32. When the binary number is 15 or less, 
A, = 0, and the low-order decoder is enabled and the high-order decoder 1s 
disabled. When the binary number is greater than 15, A, = 1, and the high- 
order decoder is enabled and the low-order decoder is disabled. 


The BCD-to-Decimal Decoder 


The BCD-to-decimal decoder converts each BCD code word (8421 code) into one 
of ten possible decimal digit indications. It is frequently referred to as а 4-/іле- 
to-10-line decoder, although other types of decoders also fall into this category 
(such as an Excess-3 decoder). 

The method of implementation is essentially the same as for the 4-line-to-16- 
line decoder previously discussed, except that only {еп decoding gates are re- 
quired because the BCD code represents only the ten decimal digits 0 through 9. A 
list of the ten BCD code words and their corresponding decoding functions is 
given in Table 6-5. Each of these decoding functions is implemented with NAND 
gates to provide active-LOW outputs. If an active-HIGH output is required, AND 
gates are used for decoding. The logic is identical to that of the first ten decoding 


gates in the 1-of-16 decoder. 
BCD Code 
Decimal 
Digit D 


TABLE 6-5 BCD decoding 


unctions. f 
fi Logic 


Function 


EXAMPLE The 7442A is an integrated circuit BCD-to-decimal decoder. The logic symbol 


6-10 


is shown in Figure 6-33. 
If the input waveforms in Figure 6-34 are applied jo the inputs of the 
7442A, sketch the output waveforms. 
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FIGURE 6-33 The 7442A BCD- 
to-decimal decoder. 
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FIGURE 6-34 


Gg. б -3—> 


Solution Тһе output waveforms are shown іп Figure 6-35. As you can see, the 
inputs are sequenced through the BCD for digits 0 through 9. The output 
waveforms indicate that sequence. 


FIGURE 6-35 а ts и в Ho 16 f9 го 
0 


The BCD-to-Seven-Segment Decoder/Driver 


This type of decoder accepts the BCD code on its inputs and provides outputs to 
energize seven-segment display devices in order to produce a decimal readout. 
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le, a 
FIGURE 6-36 Seven segment 
display format showing arrange- 
ment of segments. f b 
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Before proceeding with a discussion of this decoder, let us examine the basics of a 
seven-segment display device. 

Figure 6-36 shows a common display format composed of seven elements or 
segments. By energizing certain combinations of these segments, each of the ten 
decimal digits can be produced. Figure 6-37 illustrates this method of digital 
display tor each of the ten digits by using a darker segment to represent one that is 
energized. To produce a 1, segments Р and c are energized; to produce a 2, 
segments a, b, g, e, and d are used; and so on. 
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FIGURE 6-37 Display of decimal digits with a seven-segment device. 


LED displays One common type of seven-segment display consists of light- 
emitting diodes (LEDs) arranged as shown in Figure 6-38. Each segment is an 
LED that emits light when current flows through it. In Figure 6-38(a), the 
common-anode arrangement requires the driving circuit to provide a LOW level 
voltage in order to activate a given segment. When a LOW is applied to a segment 
input, the LED is forward biased and current flows through it. In Figure 6-38(b), 
the common-cathode arrangement requires the driver to provide a HIGH level 
voltage to activate a segment. When a HIGH is applied to a segment input, the 
LED is forward biased and current flows through it. 

The activated segments for each of the ten decimal digits are listed in Ta- 
ble 6-6. 

We will now examine the decoding logic required to produce the format for a 
seven-segment display with a BCD input. Notice that segment a is activated for 
digits 0, 2, 3, 5, 7, 8, and 9. Segment b is activated for digits 0, 1, 2, 3, 4, 7, 8, and 
9, and so on. If we iet the BCD inputs to the decoder be represented by the general 
form DCBA, a Boolean expression can be found for each segment in the display, 
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(a) Common-anode (b) Common-cathode 


FIGURE 6-38 Arrangements of seven-segment LED displays. 


and this will tell us the logic circuitry required to drive or activate each segment. 
For example, the equation for segment a is as follows: 

a = БСВА + DCBA + DCBA + DCBA + DCBA + DCBA + DCBA 
This equation says that segment a is activated or "'true"' if the BCD code is ‘0 OR 


2 OR 3 OR 5 OR 7 OR 8 OR 9.” Table 6-7 lists the logic function for each of the 
seven segments. 


TABLE 6-6 Seven-segment 
display format. 


Segments Activated 
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TABLE 6-7 Seven-segment decoding functions. 


Segment Used in Digits Logic Function 


From the expressions in Table 6-7, the logic for the BCD-to-seven-segment 
decoder can be implemented. Each of the ten BCD code words is decoded, and 
then the decoding gates are ORed as dictated by the logic expression for each 
segment. For instance, segment a requires that the decoded BCD digits 0, 2, 3, 5, 
7, 8, and 9 be ORed, as shown in Figure 6-39. 


Part of 
seven-segment 
A LOW output is produced by “РУ 

all HIGHS on one of the 

decoding gates. 


FIGURE 6-39 Decoding logic for the “а” segment. 


Segment b requires that the decoded BCD digits 0, 1, 2, 3, 4, 7, 8, and 9 be 
ORed. Segment c is activated by ORing the outputs of the 0, 1, 3, 4, 5, 6, 7, 8, and 
9 decode gates, and so оп. A logic symbol for а seven-segment decoder is shown 
in Figure 6-40. The bubbles indicate active-0 (LOW) outputs for compatibility 
with the common-anode type display. 
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FIGURE 6-40 Logic symbol for 
a seven-segment decoderldriver. 


4 Output lines 
BCD JB connect to 
input |C seven-segment 

D display device. 


LCD displays Another common type of seven-segment display is the liquid 
crystal display. LCDs operate by polarizing light so that a nonactivated segment 
reflects incident light and thus appears invisible against its background. An 
activated segment does not reflect incident light and thus appears dark. LCDs 
consume much less power than LEDs but cannot be seen in the dark, while LEDS 
can. 

LCDs operate from a low-frequency signal voltage (30 Hz to 60 Hz) applied 
between the segment and a common element called the backplane (bp). The basic 
operation is as follows: Figure 6-41 shows a square wave used as the source 
signal. Each segment in the display is driven by an exclusive-OR gate with one 
input connected to an output of the seven-segment decoder/driver and the other 
input connected to the signal source. When the decoder/driver output is HIGH 
(1), the exclusive-OR output is a square wave that is 180° out-of-phase with the 


Segment 


Part of seven-segment LCD 


Backplane 


Signal 
source 


(b) Segment off 


FIGURE 6-41 Basic operation of an LCD. 


6-5 DECODERS 233 


signal source, as shown in Figure 6-41(a). You can verify this by reviewing the 
truth table operation of the exclusive-OR. The resulting voltage between the LCD 
segment and the backplane is also a square wave because when У,., = 1, V, = 0, 
and vice versa. This turns the segment on. 

When the decoder/driver output is LOW (0), the exclusive-OR output is a 
square wave that is in-phase with the signal source, as shown in Figure 6-41(b). 
The resulting voltage difference between the segment and the backplane is zero 
because У... = У». This turns the segment off. 

TTL is not recommended for driving LCDs because its LOW level voltage is 
typically a few tenths of a volt, thus creating a dc component across the LCD 
which degrades its performance. CMOS is therefore used in LCD applications. 


Zero Suppression An additional feature found on many seven-segment decod- 
ers is the zero suppression logic. This extra function is useful in multidigit dis- 
plays because it is used to blank out unnecessary zeros in the display. For in- 
stance, the number 0006.400 would be displayed as 6.4, which is read more 
easily. Blanking of the zeros on the front of the number is called leading zero 
suppression, and blanking of the zeros after the number is called trailing zero 
suppression. 


A block diagram of a four-digit display is shown in Figure 6-42. It will be 
used to illustrate the requirements for leading zero suppression. Notice that two 
additional functions have been added to each BCD-to-seven-segment decoder, a 
ripple blanking input (RBI) and a ripple blanking output (RBO). The highest-order 
digit position is always blanked if a 0 code appears on its BCD inputs and the 
blanking input is HIGH. Each lower-order digit position is blanked if a 0 code 
appears on its BCD inputs, and the next higher-order digit is a 0 as indicated by a 
HIGH on its blanking output. The ripple blanking output of any decoder indicates 
that it has a BCD 0 on its inputs, and all higher-order digits are also 0. The 
blanking output of each stage is connected to the blanking input of the next lower- 
order stage, as shown in the diagram. As an example, in Figure 6-42 the highest- 
order digit is 0, which is therefore blanked. Also, the next digit is a 0, and because 
the highest-order digit is 0, it is also blanked. The remaining two digits are dis- 
played. 

For the fractional portion of a display (the digits to the right of the decimal 
point), trailing zero suppression is used. That is, the lowest-order digit is blanked 
if it is 0, and each digit that is 0 and is followed by 0$ in all the lower-order 
positions is also blanked. To illustrate, Figure 6-43 shows a block diagram in 
which there are three digits to the right of the decimal point. In this example, the 
lowest-order digit is blanked because it is a 0. The next digit is also 0, and its 
blanking input is HIGH, so it is blanked. The highest-order digit is a 5, and it is 
displayed. Notice that the blanking output of each decoder stage is connected to 
the blanking input of the next higher-order stage. 

In this section, several decoders have been introduced. The basic principles 
can be extended to other types, such as the 2-line-to-4-line decoder, the 3-line- 
to-8-line decoder, and the Excess-3-to-decimal 4-line-to-10-line decoder, all of 


which are available in MSI. 


о-оо 


Оооо 


FIGURE 6-42 Illustration of leading zero suppression. 
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FIGURE 6-43 Illustration of trailing zero suppression. 


SECTION 1. А 3-line-to-8-line decoder can be used for octal-to-decimal decoding. When a 
REVIEW 101, is on the inputs, which output line is activated? 
6-5 2. How many 74154 4-line-to-16-line decoders are necessary to decode a six-bit. 
binary number? 
3. Would you select a decoder/driver with active-HIGH or active-LOW outputs 
to drive a common-anode seven-segment LED display? 


= а Ё 
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ENCODERS 


An encoder is a combinational logic circuit that essentially performs a ‘‘геуегзе” 
decoder function. An encoder accepts an active level on one of its inputs repre- 
senting a digit, such as a decimal or octal digit, and converts it to a coded output, 
such as binary or BCD. Encoders can also be devised to encode various symbols 
and alphabetic characters. This process of converting from familiar symbols or 
numbers to a coded format is called encoding. 


The Decimal-to-BCD Encoder 


This type of encoder has ten inputs—one for each decimal digit—and four outputs 
corresponding to the BCD code, as shown in Figure 6-44. This is a basic 10-line- 
to-4-line encoder. 


FIGURE 6-44 Logic symbol for 
a decimal-to-BCD encoder. 
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The BCD (8421) code is listed т Table 6-8, and from this we can determine 
the relationship between each BCD bit and the decimal digits. For instance, the 
most significant bit of the BCD code, D, is a 1 for decimal digit 8 or 9. The OR 
expression for bit D in terms of the decimal digits can therefore be written 


D=8+9 


Bit C is a 1 for decimal digits 4, 5, 6, or 7 and can be expressed as an OR function 
as follows: 


C=4+5+6+7 
Bit B is a 1 for decimal digits 2, 3, 6, or 7 and can be expressed as 
B=2+3+6+7 
Finally, A is a 1 for digits 1, 3, 5, 7, or 9. The expression for A is 
А=1+3+5+7+9 
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ТАВЕЕ 6-8 
BCD Code 


Decimal Digit 


Now we can implement the logic circuitry required for encoding each deci- 
mal digit to a BCD code by using the logic expressions just developed. It is simply 
a matter of ORing the appropriate decimal digit input lines to form each BCD 
output. The basic encoder logic resulting from these expressions is shown in Fig- 
ure 6-45. 


FIGURE 6-45 Basic logic dia- 1 A (LSB) 
gram of a decimal-to-BCD en- 2 
coder. A 0 digit input is not 3 
needed because the BCD outputs B 
are all LOW when there are no 4 
HIGH inputs. H c 
7 
Р р В) 
9 (MSB) 


The basic operation is as follows: When a HIGH appears on one of the 
decimal digit input lines, the appropriate levels occur on the four BCD output 
lines. For instance, if input line 9 is HIGH (assuming all other input lines are 
LOW), this will produce a HIGH on outputs A and D and LOWs on outputs B and 
C, which is the BCD code (1001) for decimal 9. 


The Decimal-to-BCD Priority Encoder 


This type of encoder performs the same basic encoding function as that previously 
discussed. It also offers additional flexibility in that it can be used in applications 
requiring priority detection. The priority function means that the encoder will 
produce a BCD output corresponding to the highest-order decimal digit appearing 
on the inputs, and will ignore all others. For instance, if the 6 and the 3 inputs are 


both HIGH, the BCD output is 0110 (which represents decimal 6). 
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Now let us look at the requirements for the priority detection logic. The pur- 
pose of this logic circuitry is to prevent a lower-order digit input from disrupting 
the encoding of a higher-order digit; this is accomplished by using inhibit gates. 
We will start by examining each BCD output (beginning with output A). Referring 
to Figure 6-45, note that A is HIGH when 1, 3, 5, 7, or 9 is HIGH. Digit input 1 
must be allowed to activate the A output only if no higher-order digits other than 
those that also activate A are HIGH. This can be stated as follows: 


1. A is HIGH if 1 is HIGH and 2, 4, 6, and 8 are LOW. 
2. Ais HIGH if 3 is HIGH and 4, 6, and 8 are LOW. 
3. A is HIGH if 5 is HIGH and 6 and 8 are LOW. 

4. Ais HIGH if 7 is HIGH and 8 is LOW. 

5. A is HIGH if 9 is HIGH. 


These five statements describe the priority of encoding for the BCD bit A. The A 
output is HIGH if any of the conditions listed occur; that is, A is true if statement 
1, statement 2, statement 3, statement 4, or statement 5 is true. This can be ex- 
pressed in the form of the following logic equation: 


A-12468 + 3468 + 568 + 78 +9 


From this expression the logic circuitry required for the A output with priority 
inhibits can be readily implemented, as shown in Figure 6-46. 


FIGURE 6-46 Logic for the A-bit output of a decimal-to-BCD priority encoder. 


The same reasoning process can be applied to output B, and the following 
logical statements can be made: 


1. Bis HIGH if 2 is HIGH and 4, 5, 8, and 9 are LOW. 

2. Bis HIGH if 3 is HIGH and 4, 5, 8, and 9 are LOW. 

3. Bis HIGH if 6 is HIGH and 8 and 9 are LOW. | 
4. Bis HIGH if 7 is HIGH and 8 and 9 are LOW. 


These statements are summarized in the following equation, and the logic imple- 
mentation is shown in Figure 6-47: 


В = 24589 + 34589 + 683 + 755 


— 2 
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FIGURE 6-47 Logic for the B-bit output of a decimal-to-BCD priority encoder. 


Output C can be described as follows: 


1. C is HIGH if 4 is HIGH and 8 and 9 are LOW. 
2. Cis HIGH if 5 is HIGH and 8 and 9 are LOW. 
3. Cis HIGH if 6 is HIGH and 8 and 9 are LOW. 
4. C is HIGH if 7 is HIGH and 8 and 9 aré LOW. 


In equation form, output C is 
С = 4-8-9 + 5-8-9 + 68.9 + 7.8-9 
The logic circuitry for the С output appears in Figure 6-48. 


FIGURE 6-48 Logic for the C- 
bit output of a decimal-to-BCD 
priority encoder. 


Finally, for the D output, 
D is HIGH if 8 is HIGH or if 9 is HIGH. 


This statement appears in equation form as follows: 
D=8+9 


The logic for this output is shown in Figure 6-49. No inhibits are required. We 
now have developed the basic legic for the decimal-to-BCD priority encoder. All 
of the complements of the input digits are realized by inverting the inputs. 
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FIGURE 6-49 Logic for the D- 8 _)>— 3 
bit output of a decimal-to-BCD 9 


priority encoder. 


The 74147 is a decimal-to-BCD priority encoder. As indicated on the logic 
symbol in Figure 6-50, its inputs and outputs are all active-LOW. 

If LOW levels appear on pins 1, 4, and 13, indicate the state of the four 
outputs. All other inputs are HIGH. Pin numbers are in parentheses. 


FIGURE 6-50 Logic symbol 
for the 74147 decimal-to-BCD 
priority encoder (HPRI means 
highest priority). 
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41 
d2 
d3 
d4 
d5 
46 
d7 
d8 
49 


Solution Pin 4 is the highest-order decimal input having a LOW level and 
represents decimal 7. Therefore, the output levels indicate the BCD code for 
decimal 7 where A is the LSB and D is the MSB. A is LOW, B is LOW, C is 
LOW, and D is HIGH. 


An Encoder Application 


A classic application example is a keyboard encoder. The ten decimal digits on the 
keyboard of a calculator, for example, must be encoded for processing by the 
logic circuitry. When one of the keypads is pressed, the decimal digit is encoded 
to the corresponding BCD code. Figure 6-51 shows a simple keyboard encoder 
arrangement using a 74147 priority encoder. Notice that there are ten push-button 
switches, each with a pull-up resistor to + Усс. The pull-up resistor ensures that 
the line is HIGH when a switch is not depressed. When a switch is depressed, the 
line is connected to ground and a LOW is applied to the corresponding encoder 
input. The zero key is not connected because the BCD output represents zero 
when none of the other keys are depressed. 

The BCD output of the encoder goes into a storage device, and each 
successive BCD code is stored until the entire number has been entered. Methods 
of storing BCD numbers and binary data are covered in the following chapters. 
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FIGURE 6-51 А simplified keyboard encoder. 


SECTION 1. Suppose that HIGH levels are applied to the 2 input and the 9 input of the 
REVIEW circuit in Figure 6-45. 
6-6 (a) What are the states of the output lines? 

(b) Does this represent a valid BCD code? 

(c) What is the restriction on the encoder logic in Figure 6-45? 

2. (а) What is the DCB A output when LOWSs are applied to pins 1 and 5 of the 
74147 in Figure 6-50? 
(b) What does this output represent? 
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CODE CONVERSION 


In this section we will examine some methods of using combinational logic circuits 
to convert from one code to another. 


BCD-to-Binary Conversion 


One method of BCD-to-binary code conversion involves the use of adder circuits. 
The basic conversion process is as follows: 


1. The value of each bit in the BCD number is represented by a binary 
number. 

2. All of the binary representations of bits that are 1$ in the BCD number 
are added. 

3. The result of this addition is the binary equivalent of the BCD number. 


A more concise statement of this operation is that the binary numbers represent- 
ing the weights of the BCD bits are summed to produce the total binary number. 
We will examine an eight-bit BCD code (one that represents a two-digit 
decimal number) in order to understand the relationship between BCD and binary. 
For instance, we already know the decimal number 87 can be expressed in BCD as 
10000111 
——— 
SESTI 
The left-most four-bit group represents 80, and the right-most four-bit group 
represents 7. That is, the left-most group has a weight of 10, and the right-most has 
a weight of 1. Within each group, the binary weight of each bit is as follows: 


Tens Digit Units Digit 
Weight: 80 40 20 10 S Ат 2 1 
Bit designation: D, С, B, A, Di C Bo Ao 


The binary equivalent of each BCD bit is a binary number representing the 
weight of that bit within the total BCD number. This representation is given in 
Table 6-9. 

If the binary representations for the weight of each 1 in the BCD number are 
added, the result is the binary number corresponding to the BCD number. Exam- 
ple 6-12 illustrates this. 

With this basic procedure in mind, let us determine how the process can be 
implemented with logic circuits. Once the binary representation for each 1 in the 
BCD number is determined, adder circuits can be used to add the 1$ in each 
column of the binary representation. The 1s occur in a given column only when 
the corresponding BCD bit is a 1. The occurrence of a BCD 1 can therefore be 
used to generate the proper binary 1 in the appropriate column of the adder 
structure. To handle a two-decimal digit (two-decade) BCD code, eight BCD input 


lines and seven binary outputs are required. (It takes 7 binary bits to represent 
numbers up through 99.) 
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TABLE 6-9 Binary representations of BCD bit weights. 
Binary Representation 
BCD Bit 


EXAMPLE Convert the BCD numbers 00100111 (decimal 27) and 10011000 (decimal 98) to 
6-12 binary. 


Solutions Write the binary for the weights of all 15 appearing in the numbers, 
and then add them together. 


00100111 


0000001 1 
0000010 2 
6000100 4 
+ 0010100 20 
0011011 binary number for decimal 27 


10011000 


Dos ue 0001000 
0001010 
4- 1010000 80 


1100010 binary number for decimal 98 


Referring to Table 6-9, notice that the **1”” (LSB) column of the binary 
representation has only a single 1 and no possibility of an input carry, so that a 
straight connection from the A, bit of the BCD input to the least significant binary 
output is sufficient. In the “2” column of the binary representation, the possible 
occurrence of the two Is can be accommodated by adding the B, bit and the A, bit 
of the BCD number. In the “4” column of the binary representation, the possible 
occurrence of the two 13 is handled by adding the C, bit and the B, bit of the BCD 
number. In the "8" column of the binary representation, the possibility of the 
three Is is handled by adding the Do, A,, and С, bits of the BCD number. In the 
**16" column, the B, and the D, bits are added. In the *'32" column, only a single 


ali. 8 


FUNCTIONS OF COMBINATIONAL LOGIC 


1 is possible, so the C, bit is added to the carry from the **16"" column. In the “64” 
column, only a single 1 can occur, so the D, bit is added only to the carry from the 
**32" column. A method of implementing these requirements with full-adders is 
shown in Figure 6-52. 

Most MSI code converters are implemented with preprogrammed read only 
memories (ROMs). These are covered in a later chapter. 


BCD 
units 
digit 


Binary 
output 


BCD 
tens 
digit 


FIGURE 6-52. Two-digit BCD-to-binary converter using full-adders. 
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Binary-to-Gray and Gray-to-Binary Conversion 


The basic process for Gray/binary conversions was covered in Chapter 2. We will 
now see how exclusive-OR gates can be used for these conversions. Figure 6-53 
shows a four-bit binary-to-Gray code converter, and Figure 6-54 illustrates a four- 
bit Gray-to-binary converter. 


FIGURE 6-53 Four-bit bin- Binary Gray 
ary-to-Gray conversion logic. Bo Go (LSB) 
B 
1 Gi 
В. 
2 G 
Bj Сз (MSB) 
FIGURE 6-54  Four-bit Gray- Gray Binary 
to-binary conversion logic. Go 
Bo (LSB) 
G 
1 B, 
G. 
2 B; 
G3 B3 (MSB) 


EXAMPLE Convert the following binary codes to Gray code using чину OR, gates: 


6-13 (a) 0101, Ф) 0011, © 101011, 


Solutions 

(a) Binary 0101, is 0111 Gray. 
(b) 00111, is 00100 Gray. 

(c) 101011, is 111110 Gray. 
See Figure 6-55. 
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FIGURE 6-55 


EXAMPLE Convert the following Gray codes to binary using exclusive-OR gates: 


6-14 (a) 1011 (b) 11000 (с) 1001011 


Gray Binary Gray Binary Binary 
1 
1 0 


FIGURE 6-56 
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Solutions 

(a) Gray code 1011 is 1101). 
(b) 11000 is 10000,. 

(c) 1001011 is 1110010,. 
See Figure 6-56. 


SECTION 1. Convert the BCD number 10000101 to binary. 


REVIEW 2. Draw the logic diagram for converting an eight-bit binary number to Gray 
6-7 code. 
6-8 MULTIPLEXERS (DATA SELECTORS) 


A multiplexer (MUX) is a device that allows digital information from several 
sources to be routed onto a single line for transmission over that line to a common 
destination. The basic multiplexer, then, has several data-input lines and a single 
output line. It also has data-select inputs that permit digital data on any one of the 
inputs to be switched to the output line. A logic symbol for a four-input multi- 
plexer is shown in Figure 6-57. Notice that there are two data-select lines because 
with two select bits, each of the four data-input lines can be selected. 


FIGURE 6-57 Logic symbol for MUX 
а l-of-4 data selector/multiplexer. 


Data 

Do 9 k output 
Data J Pi 1 
inputs Dj 2 
D3 3 


In reference to Figure 6-57, a two-bit binary code on the data-select inputs 
will allow the data on the corresponding data input to pass through to the data out- 
put. If a binary 0 (5, = 0 and Sọ = 0) is applied to the data-select lines, the data on 
input D, appear on the data-output line. If a binary 1 (S, = 0 and Sọ = 1) is 
applied to the data-select lines, the data on input D, appear on the data output. Ifa 
binary 2 (5, = 1 and Sọ = 0) is applied, the data on D, appear on the output. If a 
binary 3 (S, = 1 and Sy = 1) is applied, the data on D; are switched to the output 
line. A summary of this operation is given in Table 6-10. 

Now let us look at the logic circuitry required to perform this multiplexing 
operation. The data output is equal to the state of the selected data input. We 
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TABLE 6-10 Data selection 


for a four-input multiplexer. Data-Select Inputs 


Input Selected 


should, therefore, be able to derive a logical expression for the output in terms of 
the data input and the select inputs. This can be done as follows: 
The data output У is equal to the data input Do if and only if 5, = 0 and 


So = 0: 


Y = 05,50 

The data output is equal to D, if and only if 5, = 0 and So = 1: 
У = 0,5155 

The data output is equal to D, if and only if 5, = 1 and $ = 0: 
Y = 0,815, 

The data output is equal to D, if and only if 5, = 1 and So = 1: 
У = 0,5,5, 


If these terms are ORed, the total expression for the data output is 
У = 0,5,5, + 05,50 + 0,5150 + 035,50 


FIGURE 6-58 Logic diagram for а four-input multiplexer. | 
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The implementation of this equation requires four 3-input AND gates, a four-input 
OR gate, and two inverters to generate the complements of S, and Sy, as shown in 
Figure 6-58. 

Because data can be selected from any of the input lines, this circuit is also 
referred to as a data selector. As you can see, the logic diagram is equivalent to 
the AND-OR logic described in Chapter 5. 


EXAMPLE The data-input and data-select waveforms in Figure 6-59 are applied to the 
6-15 multiplexer in Figure 6-58. Determine the output waveform in relation to the 
inputs. 


FIGURE 6-59 


Solution The binary state of the data-select inputs during each interval deter- 
mines which data input is selected. Notice that the data-select inputs go 
through a binary sequence 00, 01, 10, 11, 00, 01, 10, 11, and so on. The resulting 
output waveform is shown in Figure 6-60. 


FIGURE 6-60 Y 
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Three representative MSI multiplexers are now introduced: 


1. The 74157 quadruple two-input data selector/multiplexer. 
2. The 74151A eight-input data selector/multiplexer. 
3. The 74150 sixteen-input data selector/multiplexer. 


The 74157 Quadruple Two-Input Data Selector/Multiplexer 


The 74157 consists of four separate two-input multiplexers on a single chip. Each 
of the four multiplexers shares a common data-select line and a common enable, 
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/ 


as shown in Figure 6-61(a). Because there are only two inputs to be selected in 
each multiplexer, a single data-select input is sufficient (2' = 2). 

As you can see in the logic diagram, the data-select input is ANDed with the 
B input of each two-input multiplexer, and the complement of data select is 
ANDed with each A input. 

A LOW on the enable input allows the selected input data to pass through to 
the output. A HIGH on the enable input prevents data from going through to the 
output; that is, it disables the multiplexers. The ANSI/IEEE logic symbol for this 
device is shown in Figure 6-61(b). Notice that the four multiplexers are indicated 
by the partitioned outline and that the inputs common to all four multiplexers are 
indicated as inputs to the “‘notched” block at the top, which is called the common 
control block. All labels within the upper MUX block apply to the other blocks 
below it. 

Notice the 1 and 1 labels in the MUX blocks and the G1 label in the common 
control block. These labels are an example of the dependency notation system 
specified in the ANSI/IEEE Std. 91-1984. In this case, GI indicates an AND 
relationship between the data-select input and the data inputs with 1 or T labels. 
(The 1 means that the AND relationship applies to the complement of the GI 
input.) In other words, when the data-select input is HIGH, the B inputs of the 
multiplexers are selected, and when the data-select input is LOW, the A inputs are 
selected. G is always used to denote AND dependency. 


(8) Logic diagram (b) Logic symbol 


FIGURE 6-61 The 74157 quadruple two-input data selector/multiplexer. 
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Other aspects of dependency notation are introduced as appropriate 
throughout the book. 


The 74151A Eight-Input Data Selector/Multiplexer 


The 74151A has eight data inputs and, therefore, three data-select input lines. 
Three bits are required to select any one of the eight data inputs (2? — 8). ALOW 
on the enable input allows the selected input data to pass through to the output. 
Notice that the data output and its complement are both available. The logic 
diagram is shown in Figure 6-62(a), and the ANSI/IEEE logic symbol is shown in 
part (b). In this case, there is no need for a common control block on the logic 
symbol because there is only one multiplexer to be controlled, not four as in the 


(7) 


Enable 


ER 
ttt 1 


Dg 
So 

Dy 5, ar 
52 2 
Do 0 
Di 1 y 
D, 2 (6) Y 
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D, 4 
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(a) Logic diagram (b) Logic symbol 


FIGURE 6-62 The 74151A eight-input data selectorlmultiplexer. 
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74157. The G? label within the logic symbol indicates the AND relationship 
between the data-select inputs and each of the data inputs 0 through 7. 


The 74150 Sixteen-Input Data Selector/Multiplexer 


The 74150 has sixteen data inputs and four data-select lines. In this case, four bits 
are required to select any one of the sixteen data inputs (2^ = 16). There is also ап 
active-LOW enable input. On this particular device, only the complement of the 
output data is available. The logic symbol is shown in Figure 6-63. 


FIGURE 6-63 The 74150 sixteen- 
input data selector/multiplexer. 
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EXAMPLE Use 741505 and any other logic necessary to multiplex 32 data lines onto а 


6-16 


single data-output line. 


Solution Ап implementation of this system is shown in Figure 6-64. Five bits 
are required to select one of 32 data inputs (25 = 32). In this application, the 
enable input is used as the most significant data-select bit. When the MSB in 
the data-select code is LOW, the upper 74150 is enabled, and one of the data 
inputs (D, through D,.) is selected by the other four data-select bits. When the 
data-select MSB is HIGH, the lower 74150 is enabled, and one of the data 
inputs (D,g through D;,) is selected. The selected input data is then passed 
through to the negative-OR gate and onto the single output line. 


74150 


FIGURE 6-64 А 32-input multiplexer. 
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Now two examples of data selector/multiplexer applications are presented: 


1. The seven-segment display multiplexer. 
2. The logic function generator. 


LOW selects 43454140 
I HIGH selects BBB, Bo 


Pull-up 
resistors 


LSD BCD: 43424149 
MSD BCD: ВзВ>В\Во 


B digit 
LOW enables LSD. (MSD) 


HIGH enables MSD. 


* Additional drive 
circuitry may be 
required. 


FIGURE 6-65 Simplified seven-segment display multiplexing logic. 
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The Seven-Segment Display Multiplexer 


Figure 6-65 shows a simplified method of multiplexing BCD numbers to a seven- 
segment display. In this example, two-digit numbers are displayed on the seven- 
segment readout using a single BCD-to-seven-segment decoder. This basic 
method of display multiplexing can be extended to displays with any number of 
digits. The basic operation is as follows: 

Two BCD digits (A and B) are applied to the multiplexer inputs. A square 
wave is applied to the data-select line, and when it is LOW, the A bits (А. А.А, Ао) 
are passed through to the inputs of the 7449 BCD-to-seven-segment decoder. The 
LOW on the data-select also puts a LOW on the 1 input of the 74139 2-line-to-4- 
line decoder, thus activating its 0 output and enabling the A-digit display by ef- 
fectively connecting its common terminal to ground. The A digit is now on and the 
B digit is off. 

When the data-select line goes HIGH, the В bits (B,B,B,B,) are passed 
through to the inputs of the BCD-to-seven-segment decoder. Also, the 74139 
decoder's | output is activated, thus enabling the B-digit display. The B digit is 
now on and the A digit is off. The cycle repeats at the frequency of the data-select 
square wave. This frequency must be high enough (about 30 Hz) to prevent visual 
flicker as the digit displays are multiplexed. 


The Logic Function Generator 


A very useful application of the data selector/multiplexer is in the generation of 
combinational logic functions in sum-of-products form. When used in this way, 
the device can replace discrete gates and often save many ICs and make design 
changes much easier. 

To illustrate, a 74151A eight-input data selector/multiplexer can be used to 
implement any specified three-variable logic function by connecting-the variables 
to the data-select inputs and setting each data input to the logic level required in 
the truth table for that function. For example, if the.function is a 1 when the 
variable combination is CBA, the D, input (selected by 010) is connected to a 
HIGH. This HIGH is passed through to the output when this particular combina- 
tion of variables occurs on the data-select lines. An example will help clarify this 
procedure. 


EXAMPLE 
6-17 


Implement the logic function as specified in Table 6-11 using a 74151А eight- 
input data selector/multiplexer. Compare this method with a discrete logic gate 


implementation. 
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TABLE 6-11 


Solution Notice from the truth table that Y is a 1 for the following input 
variable combinations: 001, 011, 101, and 110. Y is 0 for all other combinations. 
To implement this function with the data selector, the data input selected by 
each of the above-mentioned combinations must be connected to a HIGH. All 
the other data inputs must be connected to a LOW, as shown in Figure 6-66. 


У = CBA + CBA + СВА + СВА 


74151А 


FIGURE 6-66 Data selector as a three-variable logic function generator. 


The implementation of this function with discrete logic gates would re- 
quire as many as four 3-input AND gates, one 4-input OR gate, and three 
inverters. Notice also that no time is spent in simplifying the logic. 


Example 6-17 illustrated how the eight-input data selector can be used as а 
logic function generator for three variables. Actually, this device can be also used 
as a four-variable logic function generator by utilizing the data inputs in conjunc- 
tion with the fourth variable (the MSB). 

і A four-variable truth table has sixteen combinations of input variables. 
Using an eight-bit data selector, each input is selected twice for each combination 
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of the three lower-order bits, C, B, and А: the first time when the fourth bit, D, is 0 
and the second time when the fourth bit is 1. With this in mind, the following rules 
can be applied (У is the output and D is the fourth and most significant bit): 


1. 


2. 


3. 


4. 


НУ = 0 both times a given input is selected by CBA, connect that input 
to ground (0). 

If Y = 1 both times a given input is selected by CBA, connect that input 
to Усс (1). 

If Y is different both times a given input is selected by CBA and if 
Y — D, connect that input to D. 

If Y is different both times a given input is selected by CBA and if 
Y — D, connect that input to D. 


The following example illustrates this method. 


Implement the logic function in Table 6-12 using a 74151A eight-input data se- 
lector/multiplexer. Compare this method with a discrete logic gate implementa- 


tion. 


TABLE 6-12 


Output 


Solution The data-select inputs are CBA. In the first row of the table, CBA = 
000 and Y = D = 0. In the ninth row where CBA again is 000, Y — D = 1. 
Thus, D is connected to the 0 input. In the second row of the table, CBA — 001 
and Y = D = 1. Also, in the tenth row, when CBA again is 001, Y = D = 0. 
Thus, D is inverted and connected to the 1 input. This analysis is continued 
until each input is properly connected according to the specified rules. The 
implementation is shown in Figure 6-67. 
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FIGURE 6-67 Data selector as a four-variable logic function generator. 


If implemented with discrete logic, the function would require as many as 
ten 4-input AND gates, one 10-input OR gate, and four inverters. 


SECTION 1. In Figure 6-58, D, = 1, D, = 0, D, = 1, D, = 0, So = 1, and S, = 0. What is 
REVIEW the output? 
6-8 2, Identify each MSI device. 
(a) 74157 (Ы) 74151А (с) 74150 І 
3. А 74151А has alternate LOW and HIGH levels on its data inputs beginning 
with D, = 0. The data-select lines are sequenced through a binary count (000, 
001, 010, and so on) at a frequency of | KHz. The enable input is LOW. Draw 
the timing diagram for this operation, - 
4. Briefly describe the purpose of each of the following devices in Figure 6-65: 
(a) 74157 (b) 7449 (с) 74139 


| 


x 
6-9 DEMULTIPLEXERS 
A demultiplexer (DMUX) basically reverses the multiplexing function. It takê 
data from one line and distributes them to a given number of output lines. Figur 
6-68 shows a 1-line-to-4-line demultiplexer circuit, The input data line goes t0 a 
of the AND gates. The two select lines enable only one gate at a time, and the dat 
eese tod e Sars EA Bd Voted gat to the | 
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The serial data-input waveform and select inputs are shown in Figure 6-69 
Determine the data-output waveforms for the demultiplexer in Figure 6-68. 
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Solution Notice that the select lines go through a binary sequence vo that each 
successive input bit is routed to Dy, D,, Dy, and D, in sequence, an shown in 
Figure 6-70 
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The 74154 as э Demultiplexer 


We have already diccunerd the 74154 in as appésiatecn as û | of 16 ot эл a uaa) 
to-decemal decoder (Sex tion b-t) Thn device amd other decoder can aluo Pw ened 
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in demultiplexing applications. The logic symbol for this device used as a de- 
multiplexer is shown in Figure 6-71. 

In demultiplexer applications the input lines are used as the data-select lines. 
One of the enable inputs is used as the data-input line with the other enable input 
held LOW to enable the internal negative-AND gate. 


FIGURE 6-71 The 74154 used 
as a demultiplexer. 
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1. Generally, how can an MSI decoder be used as a demultiplexer? 
2. The 74154 demultiplexer in Figure 6-71 has a binary code of 1010 on the select 
lines, and the data-in line is HIGH. What are the states of the output lines? 


PARITY GENERATORS/CHECKERS 


Parity 


Errors can occur as digital codes are being transferred from one point to another 
within a digital system or while codes are being transmitted from one system to 
another. The errors take the form of undesired changes in the bits that make UP 
the coded information; that is, a | can change to a 0), or a 0 te 1, due to component 


malfunctions or electrical noise. In most digital systems, the probability that еуел; 


a single bit error will occur is very small, and the likelihood that more than one 


— 
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TABLE 6-13 8421 BCD code 
with parity bits. 


will occur is even smaller. Many systems, however, employ a parity bit as a 
means of detecting a bit error. Binary information is normally handled by a digital 


— “system in groups of bits called words. A word always contains either an even or an 


odd number of Is. A parity bit is attached to the groüp of information bits in order 
to make the total number of 15 always even or always odd. An even parity bit 
makes the total number of 1$ even, and an odd parity bit makes the total odd. 

A given system operates with even or odd parity. ^ut not both. For instance, 
if a system operates with even parity, a check is made on each group.of bits re- 
ceived to make sure the total number of 1$ in that group is even. If there is an odd 
number of Is, an error has occurred. 

As an illustration of how parity bits are attached to a code word, Table 6-13 
lists the parity bits for each 8421 BCD code number for both even and odd parity. 
The parity bit for each BCD number is in the P column, 

The parity bit can be attached to the code group at either the beginning or the 
end, depending on system design. Notice that the total number of Is, including the 
parity bit, is always even for even parity and always odd for odd parity. 


Detecting an Error 


A parity bit provides for the detection of a single error (or any odd number of 
errors, which is very unlikely) but cannot check for two errors. For instance, let 
us assume that we wish to transmit the BCD code 0101. (Parity can be used with 
any number of bits; we are using four for illustration.) The total code transmitted, 


including the even parity bit, is 


[pie on parity bit 
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Now, let us assume that an error occurs in the third bit from the left (the 1 be- 
comes a 0), as follows: 


pcm parity bit 


00001 
Lit error 


When this code is received, the parity check circuitry determines that there is only 
a single 1 (odd number), when there should be an even number of Is. Because an 
even number of Is does not appear in the code when it is received, an error is 
indicated. 

Let us now consider what happens if two bit errors occur as follows: 


i-e parity bit 


01001 
Тыш bits in error 


When a check is made, an even number of Is appears, and although there are two 
errors, the parity check indicates a correct code. 

An odd parity bit also provides in a similar manner for the detection of a 
single error in a given group of bits. 


Assign the proper even parity bit to the following code words: 
(a) 1010 (b) 111000 (c) 101101 
(d) 100011100101 (e 101101011111 


Solutions Маке the parity bit either 1 ог 0 to make the total number of Is even. 
The parity will be the left-most bit (shaded). 


(a) 1010 

(b) 111000 

(с) 101101 

(d) 100011100101 
(e) 101101011111 


An odd parity system receives the following code words: 10110, 11010, 110011, 
110101110100, and 1100010101010. Determine which ones, if any, are in error. 


Solutions Since odd parity is required, any code with an even number of 15 is 
incorrect. The following codes are in error: 110011 and 1100010101010. 


Several specific codes also provide inherent error detection; a few of the 
most important, as well as an error-correcting code, are discussed in Appendix C. 
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Parity Logic 

In order to check for or generate the proper parity in a given code word, a very 
basic principle can be used: The sum (disregarding carries) of an even number of 
Is is always 0, and the sum of an odd number of Is is always 1. Therefore, in order 


A A 
EH 
B B 


(a) Summing of two bits 


(b) Summing of three bits 


FIGURE 6-72 
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(b) Code in error 


FIGURE 6-73 Examples of odd parity detection. 
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to determine if a given code word is even or odd parity, all of the bits in that code 
word are summed. As we know, the sum of two bits can be generated by an 
exclusive-OR gate, as shown in Figure 6-72(a) (p. 263); the sum of three bits can 
be formed by two exclusive-OR gates connected as shown in Figure 6-72(b); and 
so on. 

A typical five-bit generator/checker circuit is shown in Figure 6-73 (р. 263). 
It can be used for either odd or even parity. When used as an odd parity checker as 
shown, the operation is as follows: 

A five-bit code (four data bits and one parity bit) is applied to the inputs. The 
four data bits are on the exclusive-OR inputs, and the parity bit is applied to the 
ODD input line. When the number of 1$ in the five-bit code is odd, the X ODD 
output is LOW, indicating proper parity. When there is an even number of 1s, the 


ODD 


E ODD output 


0 
Data J 0 
bits 1 
Parity 1 
bit 
(a) Code correct 
ODD 
E ODD output 
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(b) Code in error 


FIGURE 6-74 Examples of even parity detection. 


6-10 PARITY GENERATORS/CHECKERS 265 


> ODD output is HIGH, indicating incorrect parity. Both of these conditions are 
illustrated in Figure 6-73. Similarly, even parity checks are illustrated for both 
nonerror and error conditions in Figure 6-74. 

The same circuit can be used as a parity generator, as shown in Figure 6-75. 
The operation for odd parity generation is illustrated in part (a). A four-bit code is 
applied to the inputs, and the ODD line is held: LOW (by grounding in this case). 


Tues 
Five-bit 
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o| parity 
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bit 
E ODD output 
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bits | 
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(b) Even parity generation 
FIGURE 6-75 Examples of parity generation. 
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When the four-bit code has an even number of Is as shown, the X ODD output is 
HIGH (1). This 1 output is the odd parity bit and is combined with the four-bit 
code to form a five-bit odd parity code as shown. Similarly, a 0 parity bit is 
produced when there is an odd number of Is in the input code. 

Figure 6-75(b) shows an example of the same circuit used in an even parity 
system. Notice that the EVEN line is grounded in this case. 

This basic logic can be expanded to accommodate any number of input bits 
by adding more exclusive-OR gates. 


The 74180 Nine-Bit Parity Generator/Checker 


The 74180 is represented in Figure 6-76. This particular MSI device can be used to 
check for odd or even parity on a nine-bit code (eight data bits and one parity bit), 
or it can be used to generate a nine-bit odd or even parity code. The truth table 
operation varies slightly from the simpler basic circuits just discussed, but the 
principle is the same. 
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(а) Logic symbol (b) Truth table (X = don't care) 
FIGURE 6-76 The 74180 nine-bit parity generatorichecker. 


A Data Transmission System with Error Detection 


A simplified data transmission system is shown in Figure 6-77 to illustrate an ap- 
plication of parity generators/checkers as well as multiplexers and demultiplexers 
and to illustrate the need for data storage in some applications. 

In this application, digital data from seven sources are multiplexed onto a 
single line for transmission to a distant point. The seven data bits (D, through Dg) 
are applied to the multiplexer data inputs and, at the same time, to the even parity 
generator inputs. The > ODD output of the parity generator is used as the even 
parity bit. This bit is 0 if the number of 1s in the inputs A through H is even and isa 
1 if the number of 1s in A through Н is odd. This bit is D; of the transmitted code. 
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Four-conductor transmission line 


74151А 


Even parity bit | (P) 


E EVEN 


x Om DAN w= 
IATA 


EVEN parity П 
generator IT К 
(74180) *Storage devices are introduced in the next chapter. (74180) 


FIGURE 6-77 Simplified data transmission system with error detection. 


The data-select inputs are repeatedly cycled through a binary sequence, and 
each data bit, beginning with Dp, is serially passed through and onto the transmis- 
sion line (Y). In this example, the transmission line consists of four conductors: 
One carries the serial data and three carry the timing signals (data selects). There 
are more sophisticated ways of sending the timing information, but we are using 
this direct method to illustrate a basic application. 


FUNCTIONS OF COMBINATIONAL LOGIC 


At the demultiplexer end of the system, the data-select signals and the serial 
data stream are applied to the demultiplexer. The data bits are distributed by the 
demultiplexer onto the output lines in the same order in which they occurred on 
the multiplexer inputs. That is, Dy comes out on the D, output, D, comes out on 
the D, output, and so on. The parity bit comes out on the D; output. These eight 
bits are temporarily stored and applied to the even parity checker. All of the bits 
are not present on the parity checker inputs until the parity bit D, comes out and is 
stored. At this time, the error gate is enabled by the 111 data-select code. If the 
parity is correct, a 0 appears on the X EVEN output, keeping the ERROR output 
at 0. If the parity is incorrect, all Is appear on the error gate inputs. and a 1 on the 
ERROR output results. 

This particular application has demonstrated the need for data storage so 
that you can better appreciate the usefulness of the storage devices introduced in 
the next chapter. 

The timing diagram in Figure 6-78 illustrates a specific case in which two 
eight-bit words are transmitted, one with correct parity and one with an error. 


00112.3-4 5671 01,2 34:55:67 


(0 was transmitted) 


FIGURE 6-78 Example of data transmission with and without error for the system in 
Figure 6-77. 
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1. Add an even parity bit to each of the following codes: 
(а) 110100 (b) 01100011 

2. Add an odd parity bit to each of the following codes: 
(а) 1010101 (b) 1000001 

3. Check each of the even parity codes for an error. 
(а) 100010101 (b) 1110111001 


TROUBLESHOOTING 


In this section, the problem of decoder glitches is introduced and examined from a 
troubleshooting standpoint. A glitch is any undesired voltage spike (pulse) of very 
short duration. A glitch can be interpreted as a valid signal by a logic circuit and 
may cause improper operation. 
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A 3-line-to-8-line decoder in Figure 6-79 is used to illustrate how glitches 
occur and how to identify their cause. The CBA inputs of the decoder are 
sequenced through a binary count, and the resulting waveforms of the inputs and 
outputs can be displayed on the screen of a logic analyzer as shown in Figure 
6-79. 

The output waveforms are correct except for the glitches that occur on some 
of the output signals. An oscilloscope can be used to examine the critical timing 
details of the input waveforms in an effort to pinpoint the cause of the glitches. 
The oscilloscope is useful in this case because the waveforms can be ‘‘magnified”’ 
so that very small time differences between waveform transitions are observable. 
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FIGURE 6-79 Decoder waveforms with output glitches. 


The points of interest indicated by the shaded areas on the input waveforms 
in Figure 6-79 are displayed on an oscilloscope as shown in Figure 6-80. At point 
1, there is a transitional state of 000 due to delay differences in the waveforms. 
‘This causes the first glitch on the 0 output of the decoder. At point 2, there are two 
transitional states, 010 and 000. These cause the glitch on the 2 output of the 
decoder and the second glitch on the 0 output, respectively. At point 3, the 
transitional state is 100 which causes the first glitch on the 4 output of the decoder. 
At point 4, the two transitional states, 110 and 100, result in the glitch on the 6 
output and the second glitch on the 4 output, respectively. : 


(a) Transitional state of 000 at point 1 
of input waveforms in Figure 6-79. 


(b) Transitional states of 010 and 000 
at point 2 of input waveforms in 
Figure 6-79, 


FIGURE 6-80 Oscilloscope displays of transitions of decoder input waveforms for glitch 
270 analysis. 


(с) Transitional state 100 at point 3 
of input waveforms in Figure 6-79. 


(d) Transitional states of 110 and 100 
at point 4 of input waveforms 
in Figure 6-79. 


FIGURE 6-80 (Continued) 
271 
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One way to eliminate the glitch problem is a method called strobing, in 
which the decoder is enabled only during the times when the waveforms are not in 
transition. This method is discussed in a later chapter. 


eee Е 


SECTION 1. Define the term glitch. 


REVIEW 2. Explain the basic cause of glitches in decoder logic. 
6-11 3. Define the term strobing. 
SUMMARY 
О The difference between a half-adder and a full-adder is that the half-adder does not 
have a carry input. 
О X stands for sum, CO stands for output carry, and CI stands for input carry. P and О 
are the input variables or operands in an adder. 
D] The sum bit is formed by the exclusive-OR of the two operand bits. The carry output is 
formed by the AND of the two operand bits. 
O Look-ahead carry is a method of decreasing the time required to add two multibit 
numbers. : 
О A carry is generated from a full-adder when both input bits are Is. 
О A carry is propagated by a full-adder when either or both input bits are Is. 
О A magnitude comparator indicates when two numbers are equal or which number is 
greater than the other. ; 
О A decoder detects the presence of a specified combination of bits (code) on its inputs 


and activates the proper output. For example, it selects a decimal digit for a given 
binary code. 

LEDs are light-emitting diodes. 

LCDs are liquid crystal displays. T 

The encoder operates as a “decoder in reverse." For example, it can produce a binary 
code representing a selected decimal digit. Я Rs 

Ina priority encoder, the highest-value input digit is encoded and any other active input 
is ignored. 

А code converter converts one type of code to another, for example, BCD to binary. 
Multiplexers take data in parallel from severai sources and send the data out serially on 
one line in a time sequence. ) - 

Multiplexers (MUX) are also known as data selectors. 

Demultiplexers (DMUX) take serial data from one line and distribute them onto several 
lines in parallel. 

Parity bits are used for error detection in digital codes. 

Even parity means that there is an even number of Is in a code. Odd parity means that 
there is an odd number of Is in a code. 
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18. 


Describe the difference between а half-adder and а full-adder. 

The following input bits are applied to a half-adder. Determine the X and CO for each. 

(а) P=1,20.=0...) P=1,0=1 (<) Р=0,0=1 

(9) P=0,0=0 

The following input bits are applied to a full-adder. Determine the X and СО for each. 

(а) Р= DET E (b Р = 1,0 = 0, СІ = 1 

(б) Р = 0,0 = 1, СІ = (9) Р= 1,0 = 1, СІ = 1 

А 7482 adder has the ИМ inputs: Py = 1, Ру = 0, Qo = 1,0, = 1, and cl = 

Determine Xo, Z,, and CO. 

Show how to onset 7482 two-bit adders to form an eight-bit parallel adder. 

Show how to connect 7483A four-bit adders to form a sixteen-bit adder. 

Determine the carry generate (CG) and the carry propagate (CP) functions for a full- 

adder when the input bits are as follows: 3 

(а) Р=1,0=0 (b P-0Q-0 © Р = 1,0 = 

А 7485 four-bit magnitude comparator has Р = 1011 and О = 1001. 

(a) Determine the outputs. 

(b) Show how to connect the <, =, and > inputs if this is to be the least significant 
stage. 

Use 7485 comparators to form a twelve-bit comparator. Show the diagram. 

Determine which output is LOW for each set of inputs to a 74154 decoder. 

(а) DCBA = 100 (b) DCBA = 1000 (с) DCBA = 0010 

Determine which output is LOW for each set of inputs to a 7442A decoder. 

(a) DCBA = 0101 (b DCBA = 1001 (c) DCBA = 1100 

A BCD-to-seven-segment decoder/driver is connected to an LED display. What seg- 

ments are illuminated for each of the following input codes? 

(а) DCBA = 0001 (b DCBA = 0111 (c) DCBA = 0011 

А 74147 decimal-to-BCD priority encoder has the following input pins LOW: 3, 4, and 

12. The other inputs are HIGH. What BCD code is on the outputs? 

(a) Convert BCD 10010011 to binary. 

(b) Convert BCD 01100111 to binary. 

Draw the logic diagram for a three-bit binary-to-Gray converter. 

Draw the logic diagram for a nine-bit Gray-to-binary converter. 

A 74157 quadruple two-input data selector/multiplexer has the following bits on its 


inputs: 


1А =1 1B = 0 
7А = 0 2В = 0 
ЗА = 1 3B = 0 
4A =0 4B-i 


The enable is LOW. Determine the outputs when (a) the data-select input is 0 and 


(b) the data-select input is 1. 

The data-select inputs of a 74151A eight-input multiplexer are repetitively sequenced 
through a binary count from 0 to 7. If there is a 1 on each odd-numbered data input 
and a 0 on all the others, sketch the output waveform for one cycle through the binary 


count. 
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19. 
20. 


21. 


Show how to connect three 74151A multiplexers to form a 24-input multiplexer. 
Implement the logic equation У = CBA + CBA + CBA with а 74151А data selector/ 
multiplexer. 

The 74154 is used as a demultiplexer. If the select lines are $,$,5,5, = 1011 anda 1 is 
applied to the data input (pin 18), on which output line does the data bit appear? 


22. Attach the proper even parity bit to the following codes: 
(a) 11010 (b) 1001 (с) 0111101 
23. Repeat Problem 22 for odd parity. 
PROBLEMS 

Section 6-1 

6-1  Forthe full-adder of Figure 6-4, determine the logic state (1 or 0) at each gate output 
for the following inputs: 
(а) Р= 1,0 = 1, СІ = 1 (b Р 0,0 = 1,8 = 1 
(©) Р= 0,0 = 1, СІ = 0 

6-2 Repeat Problem 6-1 for the following inputs: 
(à P=0,Q=0,CI=0 (bP-1,0-0CI-0 
(© P=1,Q=0,CI=1 

6-3  Simplify, if possible, the full-adder circuit of Example 6-1 (Figure 6-6) using the 
Karnaugh map method. 

Section 6-2 

6-4 For the parallel adder in Figure 6-81, determine the sum by analysis of the logical 
operation of the circuit. Verify your result by long-hand addition of the two input 
numbers. 
FIGURE 6-81 13:4 1 0 Wirt 

Ез br! bn Eo 
6-5 Repeat Problem 6-4 for the circuit and input conditions in Figure 6-82. 
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6-7 


6-8 


Es EQ 
FIGURE 6-82 


The input waveforms in Figure 6-83 are applied to a 7482 two-bit adder. Determine 
the waveforms for the sum and carry outputs in relation to the inputs. 


FIGURE 6-83 Po р TT 


The following sequences of bits (right-most bit first) appear on the inputs to the 
adder developed in Example 6-3 (Figure 6-11). Determine the resulting sequence of 


bits on each sum output. 


Po 1001011010110100 
P, 1110100010110010 
Qo 0000101011110010 
1011101011111001 
P, 1111100001111000 
P, 1100110011001100 
0, 1010101010101010 
0, 0010010010010010 


In the process of checking a 7483A four-bit full-adder, the following voltage levels 
are observed on its pins: I-LOW, 2-HIGH, 3-HIGH, 4-HIGH, 6-HIGH, 7-HIGH, 
8-LOW, 9-LOW, 10-LOW, 11-LOW, 13-LOW, 14-HIGH, 15-LOW, and 16-HIGH. 


Determine if the 1C is functioning properly. 
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Section 6-3 
6-9 Each of eight full-adders in an eight-bit parallel ripple carry adder exhibits the 
following propagation delays: 


P to X and СО: 40 ns 
Q to X and CO: 40 ns 
СІ to X: 35 ns 

CI to СО: 25 ns 


Determine the maximum total time for the addition of two eight-bit numbers. 


6-10 Show the additional logic circuitry necessary to make the four-bit look-ahead-carry 
adder in Figure 6-16 into a five-bit adder. 


Section 6-4 
6-11 The waveforms in Figure 6-84 are applied to the comparator as shown. Determine 
the output (P — Q) waveform. 


FIGURE 6-84 


6-12 For the four-bit comparator in Figure 6-85, plot each output waveform for the inputs 
shown. The outputs are active-HIGH. 
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For each following set of binary numbers, determine the logic states at each point in 
the comparator circuit of Figure 6-22, and verify that the output indications are 
correct: 
(a) JP,P,P,P, = 1100 (b) P,P,P,P, = 1000 
0,020,090, = 1001 0,0;0,Q, = 1011 
(© PPP RS 
000,0, = 0100 


I 
= 
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Section 6-5 


6-14 


6-15 


6-16 
6-17 


6-18 


When a HIGH is on the output of each of the decoding gates in Figure 6-86, what is 
the binary code appearing on the inputs? D is the MSB. 


A A 
В В 
D C 
(a) D (b) 
puro ds ; 
C 
D B 
(с) (9) 


во 


FIGURE 6-86 


Show the decoding logic for each of the following codes if an active-HIGH (1) indi- 
cation is required: 

(a) 1101 (b) 1000 (c) 11011 (d) 11100 

(e) 101010 (f) 111110 (g) 000101 (h) 1110110 

Repeat Problem 6-15 given that an active-LOW (0) output is required. 

We wish to detect only the presence of the codes 1010, 1100, 0001, and 1011. An 
active-HIGH output is required to indicate their presence. Develop the complete 
decoding logic with a single output that will tell us when any one of these codes is on 
the inputs. For any other code, the output must be LOW. 

If the input waveforms are applied to the decoding logic as indicated in Figure 6-87, 
Sketch the output waveform in proper relation to the inputs. 


УШ j 

B | | | 

+H 1 В > 
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FIGURE 6-87 
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6-19 


6-20 


BCD numbers are applied sequentially to the BCD-to-decimal decoder in Figure 
6-88. Draw the ten output waveforms, showing each in the proper relationship to the 
others and to the inputs. 


BCD/DEC 


ГЕЛ 
А 
В wil | | | | 
| | | В 
Ga tear Lf | | ERIE € 
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FIGURE 6-88 


A seven-segment decoder/driver drives the display in Figure 6-89. И the waveforms 
are applied as indicated, determine the sequence of digits that appears on the dis- 


play. 


BCD/7-SEG 


SO wa 


FIGURE 6-89 


Section 6-6 
6-21 In the decimal-to-BCD encoder of Figure 6-45, assume that the 9 input and the 3 


input are both HIGH. What is the output code? Is it a valid BCD (8421) code? 


6-22 А 74147 encoder has LOW levels on pins 2, 5, and 12. What BCD code appears 00 


the outputs if all the other inputs are HIGH? 


=. 
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Section 6-7 


6-23 


6-24 


6-25 


Show the logic required to convert a ten-bit binary number to Gray code, and use 
that logic to convert the following binary code words to Gray code: 

(a) 1010101010 (b) 1111100000 

(c) 0000001110 (d) 1111111111 

Show the logic required to convert а ten-bit Gray code to binary, and use that logic 
to convert the following Gray code words to binary: 

(a) 1010000000 (b) 0011001100 

(с) 1111000111 (d) 0000000001 

Convert the following decimal numbers first to BCD. Then, using the logical opera- 
tion of the BCD-to-binary converter of Figure 6-52, convert the BCD to binary. 
Verify the result in each case. 

(a) 2 (b 8 (c) 13 (d) 26 (е) 33 


Section 6-8 


6-26 


6-27 


6-28 


For the multiplexer in Figure 6-90, determine the output for the following input 
states: D, = 0, D, = 1, D; = 1, Dy = 0, Sy = 1,5, = 0. 

If the data-select inputs to the multiplexer in Figure 6-90 are sequenced as shown by 
the waveforms in Figure 6-91, determine the output waveform with the data inputs 
as specified in Problem 6-26. 


FIGURE 6-90 


FIGURE 6-91 


The waveforms in Figure 6-92 are observed on the inputs of a 74151A eight-input 
multiplexer. Sketch the Y output waveform. 
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FIGURE 6-92 


6-29 Modify the design of the seven-segment display multiplexing system in Figure 6-65 _ | 
to accommodate two additional digits. | 


6-30 Implement the sum logic in Figure 6-6 using a 74151A data selector. The three input | 
variables are Р, О, and CI. 


6-31 Implement the logic function specified in Table 6-14 using а 74151А data selector. | 


TABLE 6-14 
Output 
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Section 6-9 

6-32 Develop the total timing diagram (inputs and outputs) for a 74154 used in a de- 
multiplexing application in which the inputs are as follows: The select inputs are 
repetitively sequenced through a straight binary count beginning with 0000, and the 
data input is a serial data stream carrying BCD data representing the decimal 
number 2468. The least significant digit (8) is first in the sequence with its LSB first, 
and it should appear in the first four-bit positions of the output. 


Section 6-10 

6-33 The waveforms in Figure 6-93 are applied to the four-bit parity logic. Determine the 
output waveform in proper relation to the inputs. How many times does even parity 
occur, and how is it indicated? 


RB Be 


FIGURE 6-93 


6-34 Determine the X EVEN and the X ODD outputs of a 74180 nine-bit parity generator/ 
checker for the inputs in Figure 6-94. Refer to the truth table in Figure 6-76. 


FIGURE 6-94 EVEN 
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ANSWERS TO SECTION REVIEWS 
L—————————————————————————————————————————————————  ''Á'  —Ó€——À SS 89À99"—2?0('£, 


Section 6-1 


1. (а) = 0 (b Z = 0, СО = 0 (с) Y= 1, СО = 0 
1 


Section 6-2 
1. СОЎУ, = 110 
2. Four 7482s are connected as indicated in Figure 6-11 for two 7482s. 


Section 6-3 
1. СО = 0, СР = I 2. СО = 1 


Section 6-4 
1. P>Q=1,.P<Q=0,P= 
2. Ріп7: P< Q= 1. Pin 6: P= 


Section 6-5 
1. Тһе 5 input 2. Two 3. Active-LOW 


Section 6-6 

1. (а) A=1,B=1,C=0,D=1 (b) Only one input can be active for valid 
output. 

2. (a) 1010 (b) The complement of 0101 (binary 5). 


Section 6-7 
1. 1010101, 
2. Seven exclusive-OR gates in an arrangement such as that in Figure 6-54. 


Section 6-8 
1. 0 
2. (а) Quad two-input data selector (b) Eight-input data selector 
(c) Sixteen-input data selector 
3. The data output alternates between LOW and HIGH as the select inputs sequence 
through the binary states. 
4. (a) It multiplexes the two BCD codes to the seven-segment decoder. 
(b) It decodes the BCD to energize the display. 
(c) It alternately enables the seven-segment displays. 


Section 6-9 
1. By using the input lines for data selection and an enable line for data input. 
2. All HIGH except Dj, which is LOW. 


Section 6-10 

1. (a) 1110100 (b) 001100011 

2. (a) 11010101 (b) 11000001 

3. (a) Correct, four Is (b) Error, seven 1$ 


U 
0. Pins: P > O = 0 


ANSWERS TO SECTION REVIEWS 283 


Section 6-11 
1. A very short duration voltage spike (usually unwanted). 


2. Caused by transition states. 
3. Enabling a device for a specified period of time when the device is not in transition. 


The flip-flop is а bistable logic circuit which is a 
type of multivibrator. There are three types of 
multivibrators: the bistable, the monostable, and 
the asiable. In this chapter, the bistable elements 
are emphasized, but a coverage of the other two 
types is also provided. 

There are four basic categories of bistable 
elements: the latch, the edge-triggered flip-flop, 
the pulse-triggered (master-slave) flip-flop, and 
the data lock-out flip-flop. 

Bistable elements (latches and flip-flops) ex- 
hibit two stable states. They are capable of 


"These two states are called SET and RESET. Be- - 
: cause of their ability t to retain a given state, 
bistable elements are useful as storage (memory) ` 
devices. The flip-flop is a basic building-block | for. 
- registers, memories, counters, control logic, ж 
other functions in digital systems. 
‘The monostable multivibrator, commonly * 
Bee? calli а oneski, has only one stable state. It 
">> produces a pulse in response to a triggering input. 
The astable multivibrator has no stable states and 
is used primarily as an oscillator to generate peri- 
odic pulse waveforms for timing purposes. 
Specific devices intreduced in this chapter 
are as follows: 


7475 four-bit latch 

7474 dual edge-triggered D flip-flop 
74LS76A dual edge-triggered J-K flip- 
flop 

4. 74L71 master-slave S-R flip-flop 

5. 74107 dual master-slave J-K flip-flop 
6. 74111 dual data lock-out J-K пее. 
7. 74122 and 74123 one-shots 

555 timer 


eee 


i -residing in either of these two states indefinitely. 


v 


In this chapter, you will learn 


O The operation of S-R and D latches. 
Li The operation of the S-R, D, and IE edi 
triggered flip-flops. 
The operation of the S-R, D, and J-K puls 
triggered flip-flops and why they are co 
monly called master-slave flip-flops. 

3 The operation of a data lock-out flip-f 
- how this device compares to both the 
` triggered and pulse-triggered devices. . ' 
The advantages of a master-slave flip-flop 


о 
т аео f 
a oe HN EN R a 
applications. — 
B The operation of the one-shot ( onosta 
multivibrator). S 
О The operation of the astable multivibrator 
using the 555 timer. 
С] How to approach a new design 
how to correct design faults as illustrated’ 
а specific example. 


6 Lock-Out CHR — 
s Operahng Characteristics 
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LATCHES 


The latch is a type of bistable device that is normally placed in a category separate 
from that of flip-flops. Latches are basically similar to flip-flops because they are 
bistable devices that can reside in either of two states by virtue of a feedback 
arrangement. The main difference between latches and flip-flops is in the method 
used for changing their state. 


The S-R Latch 


An active-HIGH input S-R (SET-RESET) latch is formed with two cross-coupled 
NOR gates as shown in Figure 7-1(a), or an active-LOW input S-R latch is formed 
with two cross-coupled NAND gates as shown in Figure 7-1(b). Notice that the 
output of each gate is connected to an input of the opposite gate. This produces 
the feedback that is characteristic of all multivibrators. 


R s 
Q Q 
Г Q Е Q 
(a) Active-HIGH input S-R latch (b) Active-LOW input S-R latch 


FIGURE 7-1 Two versions of SET-RESET latches. 


To understand the operation of the latch, we will use the NAND gate S-R 
latch in Figure 7-1(b). This latch is redrawn in Figure 7-2 using the negative-OR 
gate equivalents in place of the NAND gates. This is done because LOWs on the 5 
and R lines are the activating inputs. 


FIGURE 7-2 


The latch has two inputs, 5 and К, and two outputs, О and О. We will start 
by assuming that both inputs and the Q output t are HIGH. Since the Q output is 
connected back to an input of gate С,, and the R input is HIGH, the output of С, 
must be LOW. This LOW output is coupled back to an input of gate G,, insuring 
that its output is HIGH. 
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When the О output is HIGH, the latch is in the SET state. It will remain in 
this state indefinitely until a LOW is temporarily applied to the R input. With a 
LOW ontheR t input and a HIGH оп S, the output of gate С, is forced HIGH. This 
HIGH on the О output is coupled back to an input of G,, and since the S input is 


Momentary LOW 


ous А 


y Q 
Outputs make ^ у 
transitions when lo rin 
5 goes LOW and aisi use 
remain after 5 
goes back HIGH. already SET 
, i 0 
0 аР 
MS Ө Л) 
Latch starts ош RESET Latch starts out SET. 


(a) Two possibilities for the SET operation 


К< 


Outputs make 

transitions when 

R goes LOW and 

remain after R 

goes back HIGH. а 7 os 
No transitions 

ifj oU occur because 
latch is 
already RESET. 
Latch starts out SET. Latch starts out RESET. 


(b) Two possibilities for the RESET operation 


Ў. not change Output states 
state. Latch ў are uncertain when 
remains SET if input LOWs are 


15 Q Outputs do د لاه‎ JED a АИ 


previously SET and p 
Q | remains RESET if : " 1 TIAN 
1 previously RESET. aaa R 5 | | 2 ji 
HIGHS бп both inputs. Simultaneous LOWs on both inputs. 
(c) No-change condition (d) Invalid condition 


FIGURE 7-3 The four modes of basic latch operation. 
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HIGH, the output of G, goes LOW. This LOW on the О output is coupled back to 
an input of G,, ensuring that (ће О output remains HIGH even when the LOW оп 
the К input is removed. When the Q output is LOW, the latch is in the RESET 
state. Now the latch remains indefinitely in the RESET state until a LOW is 
applied to the 5 input. 

Notice that in the operation just described, the outputs are always comple- 
ments of each other: When Q is HIGH, Q is LOW, and when Q is LOW, Q is 
HIGH. 

A condition that is not allowed in the operation of an active-LOW input S-R 
latch occurs when LOWs are applied to both 5 and К at the same time. As long as 
the LOW levels are simultaneously held on the inputs, both the Q and Q outputs 
are forced HIGH, thus violating the basic complementary operation of the out- 
puts. Also, if the LOWs are released simultaneously, both outputs will attempt to 
go LOW. Since there is always some small difference in the propagation delay of 
the gates, one of the gates will dominate in its transition to the LOW output state. 
This, in turn, forces the output of the slower gate to remain HIGH. This creates an 
unpredictable situation because we cannot reliably predict the next state of the 
latch. 

Figure 7-3 (p. 287) illustrates the active-LOW input S-R latch operation for 
each of the four possible combinations of levels on the inputs. (The first three 
combinations are valid, but the last is not.) Table 7-1 summarizes the logical 
operation in truth table form. Operation of the active-HIGH input NOR gate latch 
in Figure 7- Ка) is similar but requires the use of opposite logic levels. You should 
analyze its operation as an exercise. 

Logic symbols for the active-HIGH input and the active-LOW input S-R 
latches are shown in Figure 7-4. 


5 Q 
R р о 
(a) Active-HIGH input (b) Active-LOW input 
S-R latch S-R latch 


FIGURE 7-4. Logic symbols for the S-R latch. 


The following example illustrates how an active-LOW input S-R latch re- 
sponds to conditions on its inputs. We pulse LOW levels on each input in a certain 
sequence and observe the resulting О output waveform. The 5 = 0, R = 0 


ЕХАМРЕЕ 
7-1 
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condition is avoided because it results in an invalid mode of operation and is а 
major drawback of any SET-RESET type of latch. 


If the 5 and R waveforms in Figure 7-5(a) are applied to the inputs of the latch 
of Figure 7-4(b), determine the waveform that would be observed on the Q 
output. Assume that О is initially LOW. 


Solution See Figure 7-5(b). 


TABLE 7-1 Truth table for an 
active-LOW input S-R latch. 


The Latch as a Contact-Bounce Eliminator 


A good example of an application for an S-R latch is in the elimination of 
mechanical switch contact “‘bounce.’’ When the pole of a switch strikes the 
contact upon switch closure, it physically vibrates or bounces several times 
before finally making a solid contact. Although these bounces are minute, they 
produce voltage spikes which are often not acceptable in a digital system. This 
situation is illustrated in Figure 7-6(a). 

An S-R latch can be used to eliminate the effects of switch bounce as shown 
in Figure 7-6(b). The switch is normally in position 1, keeping the R input LOW 
and the latch RESET. When the switch is thrown to position 2, R goes HIGH 
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Position Position 
1102 2101 


(a) Switch contact bounce (b) Bounce eliminator 


FIGURE 7-6 The S-K latch used to eliminate switch contact bounce. 


because of the pull-up resistor to Усс, and $ goes LOW on the first contact. 
Although 5 remains LOW for only a very short time before the switch bounces, 
this is sufficient to SET the latch. Any further voltage spikes on the $ input due to 
switch bounce do not affect the latch, and it remains SET. Notice that the Q 
output of the latch provides a clean transition from LOW to HIGH, thus eliminat- 
ing the voltage spikes caused by contact bounce. Similarly, a clean transition from 
HIGH to LOW is made when the switch is thrown back to position 1. 


The Gated S-R Latch 


A gated latch requires an enable input, EN. The logic diagram and logic symbol 
for a gated S-R latch are shown in Figure 7-7. The 5 and К inputs control the state 
to which the latch will go upon application of a HIGH level on the EN input. The 
latch will not change until the EN input is HIGH, but as long as it remains HIGH, 
the output is determined by the state of the S and R inputs. In this circuit, the 
invalid state occurs when both 5 and R are simultaneously HIGH. 


5 И А 
о 
ЕМ ЕМ 
0 1 
R R Q 


(a) 
(b) 


FIGURE 7-7 A gated S-R latch. 
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EXAMPLE Determine the О output waveform if the inputs shown in Figure 7-8(а) are 
7-2 applied to a gated S-R latch that is initially RESET. 


FIGURE 7-8 


Solution The Q waveform is shown in Figure 7-8(b). Anytime S is HIGH and 
Ris LOW, a HIGH on the EN input SETS the latch. Anytime 5 is LOW and К 
is HIGH, a HIGH on the EN input RESETS the latch. 


The Gated D Latch 


Another type of gated latch is called the D latch. It differs from the S-R latch in 
that it has only one input in addition to EN. This input is called the D input. Figure 
7-9 contains a logic diagram and logic symbol of a D latch. When the D input is 
HIGH and the EN input is HIGH, the latch will SET. When the D input is LOW 
and the EN is HIGH, the latch will RESET. Stated another way, the output Q 
follows the input D when EN is HIGH. 


р Q 
Q 
EN 
Q A 
д 
(а) 
(b) 


FIGURE 7-9 A gated D latch. 
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Determine the О output waveform if the inputs shown in Figure 7-10(а) are 
applied to the gated D latch which is initially RESET. 


| | | |1 | | | 
(b) о | | | | | | | | 


FIGURE 7-10 


Solution The Q waveform is shown in Figure 7-10(b). Anytime D is HIGH and 
the EN input is HIGH, Q goes HIGH. Anytime D is LOW and the EN input is 
HIGH, О goes LOW. When the EN input is LOW, the state of the latch is not 
affected by the D input. 


The 7475 Four-Bit Latches 


An example of an IC D-type latch is the 7475 device represented by the logic — 
symbol in Figure 7-11(a). This device has four latches on a single chip. Notice that 
each EN input is shared by two latches and is designated as a control input (C). 
The truth table for each latch is shown in Figure 7-11(b). The X in the truth table 
represents a ‘don’t care" or irrelevant condition. In this case, when the EN input 


1 
ШЫП дЕн fas ү: н 

1 0 1 | RESET 

1 1 0 $ЕТ 

0 Qo Оо | № change 


Qo is the prior output level 


0 
1 
X 


(a) Logic symbol 


(b) Truth table (each latch) 
FIGURE 7-11 The 7475 four-bit latches. 
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is LOW, it does not matter what the D input is because the outputs are unaffected 
and remain in their prior states. 


SECTION 1. List three types of latches. 


REVIEW 2. Develop the truth table for the active-HIGH input S-R latch in Figure 7-1(a). 
7-1 3. What is the О output of a D latch when EN = 1 and D = 1? 
7-2 = EDGE-TRIGGERED FLIP-FLOPS 


Flip-flops are synchronous bistable devices. In this case, the term synchronous 
means that the output changes state only at a specified point on a triggering input 
called the clock (designated as a control input, C); that is, changes in the output 
occur in synchronization with the clock. 

The term edge-triggered means that the flip-flop changes state either at the 
positive edge (rising edge) or at the negative edge (falling edge) of the clock pulse 
and is sensitive to its inputs only at this transition of the clock. Three basic types 
of edge-triggered flip-flops are covered in this section: S-R, D, and J-K. The logic 
symbols for all of these are shown in Figure 7-12. Notice that each type can be 
either positive edge-triggered (no bubble at C input) or negative edge-triggered 
(bubble at C input). The key to identifying an edge-triggered flip-flop by its logic 
symbol is the small ‘‘triangle’’ at the clock (C) input. This is called the dynamic 
input indicator. 


(a) S-R (b) D (c) J-K 


FIGURE 7-12 Edge-triggered flip-flop logic symbols (top—positive edge-triggered; bot- 
tom—negative edge-triggered). 
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The Edge-Triggered S-R Flip-Flop 


The $ and R inputs of the S-R flip-flop are called the synchronous inputs because 
data on these inputs are transferred to the flip-flop's output only on the triggering 
edge of the clock pulse. When S is HIGH and R is LOW, the Q output goes HIGH 
on the triggering edge of the clock pulse and the flip-flop is SET. When 5 is LOW 
and R is HIGH, the Q output goes LOW on the triggering edge of the clock pulse 
and the flip-flop is RESET. When both S and R are LOW, the output does not 


change from its prior state. An invalid condition exists when both 5 and К are. 


HIGH. 

This basic operation is illustrated in Figure 7-13, and Table 7-2 is the truth 
table for this type of flip-flop. Remember, the flip-flop cannot change state except 
on the triggering edge of a clock pulse. The 5 and R inputs can be changed 
anytime when the clock input is LOW or HIGH (except for a very short interval 
around the triggering transition of the clock) without affecting the output. 


1 R 
(а) 5 = 1, R = 0 flip-flop SETS (b) S = 0, R = 1 flip-flop RESETS 
on rising clock edge. on rising clock edge. 
(If already SET, it remains SET.) (if already RESET, it remains RESET) 


0 5 О = 00 (no change) 
0 R b 


(c) S = 0, К = 0 flip-flop does not change. 
(If SET, it remains SET; if RESET, it remains RESET.) 


FIGURE 7-13 Operation of a positive edge-triggered S-R flip-flop. 


The operation and truth table for a negative edge-triggered S-R flip-flop are 
the same as those for a positive except that the falling edge of the clock pulse 15 the 
triggering edge. 


| 
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TABLE 7-2 Truth table for a 
positive edge-triggered S-R flip- 
flop. 


Comments 


Invalid 


1 = clock transition LOW to HIGH. 
X = irrelevant (don't care). 
Qo = prior output level. 


EXAMPLE Given the waveforms for the 5, К, and C inputs in Figure 7-15(a), to the flip- 
7-4 flop of Figure 7-14, determine the Q and Q output waveforms. Assume that the 
positive edge-triggered flip-flop is initially RESET. 


FIGURE 7-14 


FIGURE 7-15 


Solutions 


1. Atclock pulse 1, $ is LOW and R is LOW. Q does not change. 

2. At clock pulse 2, 5 is LOW and R is HIGH, О remains LOW 
(RESET). | 

3. At clock pulse 3, 5 is HIGH and R is LOW. О goes HIGH (SET). 

4. Atclock pulse 4, 5 is LOW and R is HIGH. Q goes LOW (RESET). 

5. At clock pulse 5, 5 is HIGH and R is LOW. Q goes HIGH (SET). 

6. At clock pulse 6, 5 is HIGH and К is LOW. О stays HIGH. 
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Once О is determined, 0 is easily found since it is simply the complement of Q. 
The resulting waveforms for О and О are shown in Figure 7-15(b) for the input 
waveforms in (a). 


The Method of Edge-Triggering 


Although the internal circuitry of the flip-flops is not of primary concern to из, а 
simplified discussion of the basic operation of edge-triggering is presented here. A 
simplified implementation of an edge-triggered S-R flip-flop is illustrated in Figure 
7-16(a) and is used to demonstrate the concept of edge-triggering. This coverage 
of the S-R flip-flop does not imply that it is the most important type. Actually, the 
D flip-flop and the J-K flip-flop are much more widely used and more available in 
IC form than is the S-R type. However; the S-R is a good base upon which to build 
because both the D and the J-K flip-flops are derived from the S-R. 


Clock 


Steering gates Latch 


(a) A simplified logic diagram fora 
positive edge-triggered S-R flip-flop 


(b) A type of pulse transition detector 
FIGURE 7-16 Edge triggering. 


Notice that the S-R flip-flop differs from the gated S-R latch only in that it 
has a pulse transition detector. The purpose of this circuit is to produce à very 


ын abi 


short duration spike on the positive-going transition of the clock pulse. One basic —— 


type of pulse transition detector is shown in Figure 7-16(b). As you can see, there 
is a small delay on one input to the NAND gate so that the inverted clock pulse 
arrives at the gate input a few nanoseconds after the true clock pulse. This 
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produces an output spike with a time duration of only a few nanoseconds. A 
negative edge-triggered flip-flop inverts the clock pulse, thus producing a narrow 
spike on the negative-going edge. 

Notice that the circuit in Figure 7-16 is partitioned into two sections, one 
labeled steering gates, and the other latch. The steering gates direct or “‘steer”” 
the clock spike either to the input to gate G, or to the input to gate G,, depending 
on the state of the 5 and К inputs. In order to understand the operation of this flip- 
flop, let us begin with the assumptions that it is in the RESET state (Q = 0) and 
that the 5, R, and clock inputs are all LOW. For this condition, the outputs of gate 
С, and gate G, аге both HIGH. The LOW on the О output is coupled back into 
one input of gate G4, making the Q output HIGH. Because О is HIGH, both 
inputs to gate G, are HIGH (remember, the output of gate G; is HIGH), holding 
the О output LOW. Ifa pulse is applied to the clock input, the outputs of gates G, 
and G, remain HIGH because they are disabled by the LOWs on the 5 input and 
the R input; therefore, there is no change in the state of the flip-flop—it remains 
RESET. 

We will now make 5 HIGH, leave К LOW, and apply a clock pulse. Because 
the 5 input to gate G, is now HIGH, the output of gate G, goes LOW for a very 
short time (spike) when the clock input goes HIGH, causing the Q output to 
go HIGH. Both inputs to gate С. are now HIGH (remember, gate G, output is 
HIGH because R is LOW), forcing the Q output LOW. This LOW on Q is coupled 
back into one input of gate G3, ensuring that the Q output will remain HIGH. The 
flip-flop is now in the SET state. Figure 7-17 illustrates the logic level transitions 
that take place within the flip-flop for this condition. 


This gate is enabled. This spike SETS flip-flop. 


за 
sene 


й HIGH (1) T 


Pulse 
transition 
detector 


=— Positive 
spike 


HIGH 


LOW (O) ~ 
ъв gate is disabled 
because R is LOW. 
FIGURE 7-17 Flip-flop making transition from the RESET state to the SET state on the 
positive leading edge of the clock pulse. 


Next, we will make 5 LOW and R HIGH, and apply a clock pulse. Because 
the R input is now HIGH, the positive-going edge of the clock produces a 
negative-going spike on the output of gate С, causing the О output to go HIGH. 
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Because of this HIGH on Q, both inputs to gate G, are now HIGH (remember, the 
output of gate G, is HIGH because of the LOW оп 5), forcing the О output to go 
LOW. This LOW on О is coupled back into one input of gate G,, ensuring that Q 
will remain HIGH. The flip-flop is now in the RESET state. Figure 7-18 illustrates 
the logic level transitions that occur within the flip-flop for this condition. 

As with the gated latch. an invalid condition exists when both 5 and R are 
HIGH at the same time. 


This gate is disabled 
because S is LOW. 


s LOW (0) 1 


R "1 
HIGH.) Ü т This spike RESETS flip-flop. 
This gate is enabled. 


FIGURE 7-18 Flip-flop making transition from the SET state to the RESET state on the 
positive leading edge of the clock pulse. 


The Edge-Triggered D Flip-Flop 


The D flip-flop is very useful when a single data bit (1 or 0) is to be stored. The 
simple addition of an inverter to an S-R flip-flop creates a basic D flip-flop, as 
shown in Figure 7-19, which is a positive edge-triggered type. 


FIGURE 7-19 А positive edge- 
triggered D flip-flop formed 
with an S-R flip-flop and 
inverter. 


Notice that this flip-flop has only one input in addition to the clock. This is 
called the D input. If there is a HIGH on the D input when a clock pulse is applied, 
the flip-flop will SET, and the HIGH on the D input is *'stored"' by the flip-flop on 
the positive leading edge of the clock pulse. If there is a LOW on the D input when 
the clock pulse is applied, the flip-flop will RESET, and the LOW on the D input is 
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TABLE 7-3 Truth table for a 
positive edge-triggered D flip- 
flop. 


1 = clock transition LOW to HIGH. 


thus stored by the flip-flop on the leading edge of the clock pulse. In the SET 
state, the flip-flop is storing a logic 1, and in the RESET state it is storing a logic 0. 

The operation of the positive edge-triggered D flip-flop is summarized in 
Table 7-3. The operation of a negative edge-triggered device is, of course, the 
same, except that triggering occurs on the falling edge of the clock pulse. Re- 
member, Q follows D at the clock edge. 


Given the waveforms in Figure 7-20(a) for the D input and the clock, determine 
the Q output waveform if the flip-flop starts out RESET. 


FIGURE 7-20 | 


Solution The Q output assumes the state of the D input at the time of the 
positive leading clock edge. The resultant output is shown in Figure 7-20(b). 


The Edge-Triggered J-K Flip-Flop 


The J-K flip-flop is very versatile and is perhaps the most widely used type of flip- 
flop. The J and K designations for the inputs have no known significance except 
that they are adjacent letters in the alphabet. 

The functioning of the J-K flip-flop is identical to that of the S-R flip-flop in 
SET, RESET, and no-change conditions of operation. The difference is that the 
J-K flip-flop has no invalid state as does the S-R flip-flop. Therefore, the J-K flip- 
flop is a very versatile device that finds wide application in digital systems. 

Figure 7-21 shows a basic positive edge-triggered J-K flip-flop. Notice that it 
differs from the S-R edge-triggered flip-flop in that the О output is connected back 
to the input of gate G;, and the О output is connected back to the input of gate С. 
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FIGURE 7-21 A simplified logic diagram for a positive edge-triggered J-K flip-flop. 


The two control inputs are labeled J and К. A J-K flip-flop can also be of the 
negative edge-triggered type, in which case the clock input is inverted. 

We will start by assuming that the flip-flop is RESET and that the J input is 
HIGH and the К input is LOW. When a clock pulse occurs, a leading-edge spike is 
passed through gate G, because О is HIGH and J is HIGH. This will cause the 
latch portion of the flip-flop to change to the SET state. 

The flip-flop is now SET. If we now make J LOW and K HIGH, the next 
clock spike will pass through gate G, because О is HIGH and K is HIGH. This 
will cause the latch portion of the flip-flop to change to the RESET state. 

Now if a LOW is applied to both the J and K inputs, the flip-flop will stay in 
its present state when a clock pulse occurs. So, a LOW on both J and K results in 
a no-change condition. 

So far, the logical operation of the J-K flip-flop is the same as that of the S-R 
type in the SET, RESET, and no-change modes. The difference in operation’ 
occurs when both the J and K inputs are HIGH. To see this, assume that the flip- 
flop is RESET. The HIGH on the О enables gate G, so that the clock spike passes 
through to SET the flip-flop. Now, there is a HIGH on Q which allows the next 
clock spike to pass through gate С, and RESET the flip-flop. As you can see, on 
each successive clock, the flip-flop changes to the opposite state. This is called 
toggle operation. Figure 7-22 illustrates the transitions when the flip-flop is in the 
toggle mode. 


FIGURE 7-22. Transitions illustrating the toggle operation when J = 1 and К = 1. 
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TABLE 7-4 Truth table for a 
positive edge-triggered J-K flip- 


flop. Comments 


1 = clock transition LOW to HIGH. 
Qo = output level prior to clock transition. 


Table 7-4 summarizes the operation of the edge-triggered J-K flip-flop in 
truth table form. Notice that there is no invalid state as there is with an S-R flip- 
flop. The truth table for a negative edge-triggered device is identical except that it 
is triggered on the falling edge of the clock pulse. 


The waveforms in Figure 7-23(a) are applied to the J, K, and clock inputs as 
indicated. Determine the Q output, assuming that the flip-flop is initially RE- 


FIGURE 7-23 


Solution 
1. First, since this is a negative edge-triggered flip-flop, the Q output will 
change only on the negative-going edge of the clock pulse. 
2. Atthe first clock pulse, both J and K are HIGH, and because this is a 
toggle condition, Q goes HIGH. 
3. At clock pulse 2, a no-change condition exists on the inputs, keeping 


Q at a HIGH level. 
4. When clock pulse 3 occurs, J is LOW and K is HIGH, resulting ina 


RESET condition. Q goes LOW. 1 
5. At clock pulse 4, J is HIGH and K is LOW, resulting in a SET 


condition. Q goes HIGH. 
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6. А SET condition still exists on J and К when clock pulse 5 occurs. Q 
will remain HIGH. 


The resulting Q waveform is indicated in Figure 7-23(b). 


Asynchronous Inputs 


For the flip-flops just discussed, the S-R, D, and J-K inputs are called syn- 
chronous inputs because data on these inputs are transferred to the flip-flop's 
output only on the triggering edge of the clock pulse; that is, the data are 
transferred synchronously with the clock. 

Most integrated circuit flip-flops also have asynchronous inputs. These are 
inputs that affect the state of the flip-flop independent of the clock. They are 
normally labeled preset (PRE) and clear (CLR), or direct set (Sp) and direct reset 
(Rp) by some manufacturers. An active level on the preset input will SET the flip- 
flop, and an active level on the clear input will RESET it. A logic symbol for a J-K 
flip-flop with preset and clear is shown in Figure 7-24. These inputs are active- 
LOW as indicated by the bubbles. These preset and clear inputs must both be kept 
HIGH for synchronous operation. 


FIGURE 7-24 Logic symbol for 
a J-K flip-flop with active-LOW 
preset and clear inputs. 


Pulse 


transition 
detector 


CLR 


FIGURE7-25 Logic diagram for a basic J-K flip-flop with active-LOW preset and clear. 
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Figure 7-25 shows the logic diagram for an edge-triggered J-K flip-flop with 
preset (PRE) and clear (CLR) inputs. This figure illustrates basically how these 
inputs work. As you can see, they are connected directly into the latch portion of 
the flip-flop so that they override the effect of the synchronous inputs, J, K, and 
the clock. 


For the positive edge-triggered J-K flip-flop with preset and clear inputs in 
Figure 7-26(a), determine the Q output for the inputs shown in the timing 
diagram. О is initially LOW. 


+ Preset ed Toggle ————}-— Clear | 


FIGURE 7-26 


Solution 


1. During clock pulses 1, 2, and 3, the preset (PRE) is LOW, keeping the 
flip-flop SET regardless of the synchronous inputs. 

2. For clock pulses 4, 5, 6, and 7, toggle operation occurs because J is 
HIGH, K is HIGH, and both PRE and CLR are HIGH. 
For clock pulses 8 and 9, the clear (CLR) input is LOW, keeping the 
flip-flop RESET regardless of the synchronous inputs. The resulting 
Q output is shown in Figure 7-26(b). 


Specific Devices 


Two specific IC edge-triggered flip-flops are now examined. They are represen- 
tative of the various types available in IC form. 


7474 dual D flip-flops This TTL device has two identical flip-flops on a single 
chip. The flip-flops are independent of each other except for sharing Усс and 
ground. The flip-flops are positive edge-triggered and have active-LOW 
asynchronous preset and clear inputs. The logic symbols for the individual flip- 
flops within the package are shown in Figure 7-27(a), and an ANSI/IEEE stan- 
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“(b) Single block logic symbol 
Note: The 5 and R inside ће 
block indicate that PRE 
SETS and CLR RESETS. 


(a) Individual logic symbols i 
FIGURE 7-27 Logic symbols for the 7474 dual edge-triggered D flip-flops. 


(b) Single block logic symbol 


(a) Individual logic symbols 
FIGURE 7-28 Logic symbols for the 74LS76A dual edge-triggered J-K flip-flops. 
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dard single block symbol representing the entire device is shown in part (b) of the 
figure. The pin numbers are shown in parentheses. 


74LS76A dual J-K flip-flops This TTL device also has two identical flip-flops 
which are negative edge-triggered and have asynchronous preset and clear inputs. 
The logic symbols are shown in Figure 7-28. 


The J, K, C, PRE, and CLR waveforms in Figure 7-29(a) are applied to one of 
the flip-flops in a 74LS76A package. Determine the Q output waveform. 


FIGURE 7-29 PIN. C! HET В ET BISET: ST ЕГ 
| I^ Үр. 
PIN 4 (J) lana tit ТЕ | 
; fccum Е y 
a PIN jeu) ng Vivir А 
PIN'2 (PRE) uo ^p v ATE TEY HEL | 
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Solution The resulting О waveform is shown т Figure 7-29(b). Notice that 
each time a LOW is applied to the PRE or CLR, the flip-flop is SET or RESET 
regardless of the states of the other inputs. Note that LOWs on both PRE and. 
CLR at the same time causes Q and Q both to go HIGH, which is a logically 
invalid state. 


SECTION 
REVIEW 
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1. Describe the main difference between a gated S-R latch and an edge-triggered 
S-R flip-flop. 

2. How does a J-K flip-flop differ from an S-R flip-flop in its basic operation? 

3. Assume that the flip-flop in Figure 7-20 is negative edge-triggered. Sketch the 
output waveform for the same C and D waveforms. 


PULSE-TRIGGERED (MASTER-SLAVE) FLIP-FLOPS 


e ص‎ 


The second class of flip-flop is the pulse-triggered or master-slave. The term 
pulse-triggered means that data are entered into the flip-flop on the leading edge of 
the clock pulse, but the output does not reflect the input state until the trailing 
edge of the clock pulse. The inputs must be set up prior to the clock pulse's 
leading edge, but the output is postponed until the trailing edge of the clock. A 
major restriction of the pulse-triggered flip-flop is that the data inputs must not 
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change while the clock pulse is HIGH because the flip-flop is sensitive to any 
change of input levels during this time. 

As with the edge-triggered flip-flops, there are three basic types of pulse- 
triggered flip-flops: S-R, D, and J-K. The J-K is by far the most commonly 
available in integrated circuit form. The logic symbols for all of these are shown in 
Figure 7-30. The key to identifying a pulse-triggered (master-slave) flip-flop by its 
logic symbol is the ANSI/IEEE postponed output symbol ( 1 ) at the outputs. 
Notice that there is no dynamic input indicator ( D) at the clock input. 


(a) (b) (c) 


FIGURE 7-30  Pulse-triggered (master-slave) flip-flop logic symbols. 


The Pulse-Triggered (Master-Slave) S-R Flip-Flop 


A basic master-slave S-R flip-flop is shown in Figure 7-31. The truth table 
operation is the same as that for the edge-triggered S-R flip-flop except for the way 
it is clocked. Internally, though, it is quite different. 

This type of flip-flop is composed of two sections, the master section and the 
slave section. The master section is basically a gated S-R latch, and the slave 
section is the same except that it is clocked on the inverted clock pulse and is 
controlled by the outputs of the master section rather than by the external S-R 
inputs. 


5 
0 
с 
Q 
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FIGURE 7-31 Logic diagram for a basic master-slave S-R flip-flop. 
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The master section will assume the state determined by the S and R inputs at 
the positive-going edge of the clock pulse. The state of the master section is then 
transferred into the slave section on the negative-going edge of the clock pulse 
because the outputs of the master are applied to the inputs of the slave, and the 
clock pulse to the slave is inverted. The state of the slave then immediately 
appears on the Q and Q outputs. 

The timing diagram in Figure 7-32 illustrates the master-slave operation in 
reference to Figure 7-31. To begin, the flip-flop is RESET, 5 is HIGH, and R is 
LOW. The following statements describe what happens on the leading edge of the 
first clock pulse: 


1. The output of gate С, goes from a HIGH to a LOW because both of its 
inputs are HIGH. 

2. The output of gate G4 goes from a LOW to a HIGH, and the output of 
gate G, goes from a HIGH to a LOW. 

3. The inverted clock (C) input to gates G; and С, goes LOW; this disables 
the С; and С, gates and forces their outputs HIGH. 


sro 
| | | 
Rd | E | 
ОЕ Жай | | | 
Master output, G3 | | | | 
| т ач | | 
Slave output, Q | | | | 
р ынын odi distent vf вит. | 
Data Data Data Data Data Data 
clocked transferred clocked transferred clocked transferred 
into master to slave into master to slave into master to slave 


FIGURE 7-32 Timing diagram for master-slave flip-flop in Figure 7-31, showing SET, 
RESET, and no-change conditions. 


Let us review what has taken place on the leading edge of the clock pulse. 
The master section has been SET because the 5 input is HIGH and the R input is 
LOW. The slave section has not changed state, and therefore the Q and Q outputs 


remain in the initial RESET state. 
Now let us look at what happens on the trailing edge-of the first clock pulse. 


1. The master section remains in the SET condition, ; 
2. The output of gate С; goes from a HIGH to a LOW because both of its 


inputs are now HIGH. 
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3. The output of gate G; goes from a LOW to a HIGH, and the output of 
gate С, goes from a HIGH to a LOW. 


The flip-flop is now in the SET state, and therefore the Q output is HIGH. It 
did not become SET until the trailing edge of the clock pulse, although the master 
section was SET on the leading edge. You should verify the operations for the 
RESET and no-change conditions on the second and third clock pulses, respec- 
tively. 

The operation of the S-R master-slave flip-flop is summarized in Table 7-5. 
As mentioned, it is the same as for an edge-triggered S-R except for the manner in 
which it is triggered. This is indicated on the truth table by the pulse symbols in 
the С column, which mean that it takes the complete pulse to get data from the 
input to the output rather than just a single transition as with the edge-triggered 
type. 


TABLE 7-5 Truth table for the 
S-R master-slave flip-flop. 


Comments 


D: 


Invalid 


SL = clock pulse. 
0% = output level prior to clock pulse. 


The Pulse-Triggered (Master-Slave) D Flip-Flop 


The truth table operation of the master-slave D flip-flop is shown in Table 7-6. 
Notice that it is the same as for the edge-triggered D flip-flop except for the way itd 
is triggered. The basic method of master-slave triggering discussed in relation to 
the S-R flip-flop also applies to the D flip-flop as well as to the J-K flip-flop. 


Determine the Q output for the master-slave D flip-flop with the D and clock 
(C) inputs shown in Figure 7-33(a). The flip-flop is initially RESET. 


| | | 
og ie aes coUe] 


FIGURE 7-33 
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Solution The data are clocked into the master portion on the leading edges of 
the clock pulses, and the output changes accordingly on the trailing edges as 
shown in Figure 7-33(b). 


TABLE 7-6 Truth table for the 
master-slave D flip-flop. 


Comments 


It was mentioned in the beginning of this section that a major restriction of 
the master-slave flip-flop is that the input data must be held constant while the 
clock is HIGH. If the D input changes while the clock pulse is HIGH, the new 
data bit is immediately stored by the master section, thus losing the data bit that 
was on the input at the start of the clock pulse. That is, the flip-flop responds to 
any change in the input level when the clock is HIGH. The last input level seen 
while the clock pulse is HIGH is then triggered into the slave portion and appears 
on the output. This is illustrated in Figure 7-34. 


€ 
D 
| 
Q 
poetis 
1 clocked / N 0 clocked 
into master into slave 
Master changes 
to 0 in response 
to change in D. 


FIGURE 7-34 Example of the effect of a change in input level while clock is HIGH in a 
master-slave flip-flop. 


Pulse-Triggered (Master-Slave) J-K Flip-Flop 


Figure 7-35 is the basic logic diagram for a master-slave J-K flip-flop. А brief 
inspection of this diagram shows that this circuit is very similar to the master- 
slave S-R flip-flop. Notice the two main differences: First, the Q output is 
connected back into the input of gate G;, and the Q output is connected back into 


310 


FLIP-FLOPS AND OTHER MULTIVIBRATORS 


FIGURE 7-35 Logic diagram for a master-slave J-K flip-flop. 


the input of gate G,. Second, one input is now designated J and the other input is - 
now designated K. The logical operation is summarized in Table 7-7. 


Determine the Q output of the master-slave J-K flip-flop for the input wave- 
forms shown in Figure 7-36(a). The flip-flop starts out RESET. | 
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Solution The Q waveform is shown in Figure 7-36(b). The input states and 
events at each clock pulse are labeled to demonstrate the operation. 


TABLE 7-7 Truth table for the 
master-slave J-K flip-flop. 


-J 1. = clock pulse. 
Qo = output level before clock pulse. 


Specific Devices 


Two specific TTL pulse-triggered flip-flops are now presented, and examples of 
their operation are given. 


The 74L71 master-slave S-R flip-flop Two versions of the logic symbol for this 
flip-flop are shown in Figure 7-37. The more traditional symbol is in part (a), and 
the ANSI/IEEE Std. 91-1984 recommended symbol is shown in part (b). Notice 
that this particular device has AND gates for the S and К inputs. The three SET 
inputs, $1, 52, and 53, must all be HIGH to produce an 5 = 1 condition within 
the flip-flop. Likewise, R1, R2, and R3 must all be HIGH to produce ап К = 1 
condition. These AND-gated inputs simply provide additional flexibility in con- 
trolling the flip-flop. This device also has active-LOW preset (PRE) and clear 
(CLR) inputs. 


FIGURE 7-37 Logic symbols for the 74L71 master-slave S-R flip-flop. 
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In the symbol in part (b), the preset is labeled S inside the block because a | 
LOW on the PRE line SETS the flip-flop. The clear is labeled К inside the block | 


because a LOW on the CLR line RESETS the flip-flop. These two inputs are 
asynchronous and not dependent on the clock. The 15 and 1R labels inside the 
block are the synchronous SET and RESET functions. The 1 suffix after С and the 
1 prefixes before $ and К are examples of control dependency notation. The 15 
indicate that 15 and 1Ё are dependent on the clock, СІ. 


From the input waveforms in Figure 7-38(a), determine the Q and Q outputs for 
7-11 а 74L71 master-slave S-R flip-flop. Assume that О = 0 initially. 
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FIGURE 7-38 


Solution The resulting output waveforms are shown in Figure 7-38(b). PRE 
and CLR override synchronous operation. 


The 74107 dual master-slave J-K flip-flop Figure 7-39(a) shows the individual 
logic symbols for each flip-flop in the 74107 package. Part (b) represents the 
device with a single logic symbol, including dependency notation. Notice that this 
device has a CLR input but not a PRE. This allows it to be asynchronously 
RESET for purposes of initialization. The labels inside the upper block in part (0) 
apply also to the lower block. 
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FIGURE 7-39 Logic symbols for the 74107 dual mastér-slave J-K flip-flops. 


A clock pulse waveform with a frequency of 1 kHz is applied to а 74107 master- 
slave J-K flip-flop. Jand К are both connected to Усс. The CLR line is held 
LOW for the three initial clock pulses, and then it goes HIGH. Draw the timing 
diagram for ten clock pulses. 


Solution The timing diagram is shown in Figure 7-40. Since J and_K are 
connected to Vec, the flip-flop is in the toggle condition. As long as the CLR is 
LOW, toggle operation is overridden and the flip-flop is held in RESET. As 
soon as CLR is released from its LOW state, the flip-flop’ begins toggling on the 


fourth pulse. 


FIGURE 7-40 
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SECTION 1. Describe the basic difference between pulse-triggered and edge-triggered flip- 
REVIEW flops. 
7-3 2. Suppose that the D input of a flip-flop changes from LOW to HIGH in the 
middle of a clock pulse. 
(a) Describe what happens if the flip-flop is a positive edge-triggered type. 
(b) Describe what happens if the flip-flop is a pulse-triggered (master-slave) 
type. 
3. What is the advantage of a J-K flip-flop over an S-R flip-flop? 


7-4 DATA LOCK-OUT FLIP-FLOPS 


The data lock-out flip-flop is similar to the pulse-triggered (master-slave) flip-flop 
except that it has a dynamic clock input so that it is sensitive to the data inputs 


FIGURE 7-41 Logic symbol for 
a data lock-out J-K flip-flop. 


(а) 


FIGURE 7-42 Logic symbols for the 74111 dual J-K master-slave flip-flop with data lock- 
out. 
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only during a clock transition. After the leading-edge clock transition, the data 
inputs are disabled and do not have to be held constant while the clock pulse is 
HIGH. In essence, the master portion of this flip-flop is like an edge-triggered 
device, and the slave portion performs as in a pulse-triggered device to produce a 
postponed output. 

A logic symbol for a data lock-out J-K flip-flop is shown in Figure 7-41. 
Notice that this symbol has both the dynamic input indicator for the clock and the 
postponed output indicators. This type of flip-flop is actually classified by most 
manufacturers as a master-slave with a special lock-out feature. 

The 74111 is an example of this type of device. It is a dual J-K master-slave 
flip-flop with data lock-out. It has both preset and clear inputs. The logic symbols 
are shown in Figure 7-42. Again, part (a) is the more traditional symbol, and part 
(b) is a single block symbol as specified by ANSI/IEEE Std. 91-1984. 


L—R———————Á———————— 


1. Describe how а data lock-out flip-flop differs from a pulse-triggered type. 


OPERATING CHARACTERISTICS 


Several operating characteristics or parameters important in the application of . 
flip-flops specify the performance, operating requirements, and operating limita- 
tions of the circuit. They are typically found in the data sheets for integrated 
circuits, and they are applicable to all flip-flops regardless of the particular form of 


the circuit. 


Propagation Delay Time 

A propagation delay is the interval of time required after the input signal has been 
applied for the resulting output change to occur. Several categories of propagation 
delay are important in the operation of a flip-flop: 


1. Propagation delay t», н measured from the triggering edge of the clock 
pulse to the LOW-to-HIGH transition of the output. This delay is 
illustrated in Figure 7-43(a). 


[m 50% point on triggering edge 


'PLH 


[^ 
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FIGURE 7-43 Propagation delays, clock to output. 
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2. Propagation delay tp,,, measured from the triggering edge of the clock 
pulse to the HIGH-to-LOW transition of, the output. This delay is 
illustrated in Figure 7-43(b). 

3. Propagation delay t», ,, measured from the preset input to the LOW-to- 
HIGH transition of the output. This delay is illustrated in Figure 7-44(а) 
for an active-LOW preset. 
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FIGURE 7-44 Propagation delays, preset and clear to output. 


4. Propagation delay tp, measured from the clear input to the HIGH-to- 
LOW transition of the output. This delay is illustrated in Figure 7-44(b) 
for an active-LOW clear. 


Set-Up Time 


The set-up time (t,) is the minimum interval required for the control levels to be 
maintained constantly on the inputs (J and К, or 5 and А, or D) prior to the 
triggering edge of the clock pulse in order for the levels to be reliably clocked into 
the flip-flop. This is illustrated in Figure 7-45 for a D flip-flop. 


D { 50% point 
| 
| 
| 
C 50% point of triggering edge 
| 


ue 


Set-up time (г) 


FIGURE 7-45 Set-up time (t,). 


Hold Time 


The hold time (1,) is the minimum interval required for the control levels to remain 
on the inputs after the triggering edge of the clock pulse in order for the levels to 


| 
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be reliably clocked into the flip-flop. This is illustrated in Figure 7-46 for a D flip- 
flop. 


| 
| 
C -—{ 50% point on 
| | triggering edge 


| 

— 

| | | 

HEN 
Hold time (гд) 


FIGURE 7-46 Hold time (t,). 


Maximum Clock Frequency 


The maximum clock frequency (fmax) is the highest rate at which a flip-flop can be 
reliably triggered. At clock frequencies above the maximum, the flip-flop would 
be unable to respond quickly enough and its operation would be impaired. 


Pulse Widths 


Minimum pulse widths (ty) for reliable operation are usually specified by the 
manufacturer for the clock, preset, and clear inputs. Typically, the clock is 
specified by its minimum HIGH time and its minimum LOW time. 


Power Dissipation 
The power dissipation of a flip-flop is the total power consumption of the device. 
For example, if the flip-flop operates on a +5-V dc source and draws 50 mA of 
current, the power dissipation is 

P = Усс X [сс = 5 У X 50 тА = 250 mW 
The power dissipation is very important in most applications in which the capacity 
of the dc supply is а concern. As an example, let us assume that we have a digital 
system that requires a total of ten flip-flops, and each flip-flop dissipates 250 mW 
of power. The total power requirement is 


Pror = 10 X 250 mW = 2500 mW = 2.5 W 
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This tells us the type of de supply that is required as far as output capacity is 
concerned. If the flip-flops operate on +5 V dc, then the amount of current that 
the supply must provide is as follows: 


^v ХА ДФ 
I=% = 0.5 А 


We must use a +5-У dc supply that is capable of providing at least 0.5 A of 
current. 


Other Characteristics 


Many characteristics discussed in Chapter 3 in relation to gates—such as fan-out, 
input voltages, output voltages, and noise margin—apply to flip-flops and are not 
repeated here. 


Comparison of Specific Flip-Flops 


Table 7-8 provides a comparison of several TTL devices that have been studied in 
this chapter and a CMOS device in terms of the operating parameters discussed in 
this section. 


TABLE 7-8 Comparison of operating parameters of flip-flops. 


7474  74LS76A 74171. 74107 4111 


Parameter 
(Times in ns) 


SECTION 
REVIEW 


7-5 


1. Define the following: 
(a) set-up time (b) hold time 
2. Which specific flip-flop can be operated at the highest frequency? 
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BASIC FLIP-FLOP APPLICATIONS 


In this section, several basic applications are presented to give you a better feel 
for how flip-flops can be applied in digital systems. 


Parallel Data Storage 


А common requirement in digital systems is to take several bits of data on parallel 
lines and store them simultaneously in a group of flip-flops. This operation is 
illustrated in Figure 7-47(a). Each of the four parallel data lines is connected to the 
D input of a flip-flop. The clock inputs of all the flip-flops are connected to a 
common clock input, so that each flip-flop is triggered at the same time. In this 


Do 0 — س‎ 


———— 
p, | 
Ч 


Dj 


D40 ————————— 
CLR | | 
| 
i a [Я 
Parallel 
data CLK 


| | 
| | 
Qo 0 e+ 
| | 
| 


010} 

E сна 
020 | 

| 

| 


Parallel 
data 


inputs 


нм 


Flip-flops! ^ Data 
cleared stored 


(b) 


(a) 
FIGURE 7-47. Example of. flip-flops used for parallel data storage. 
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example, positive edge-triggered flip-flops are used, so the data on the D inputs 
are stored simultaneously by the flip-flops on the positive edge of the clock as 
indicated in the timing diagram in Figure 7-47(b). Also, the asynchronous clear 
inputs are connected to a common CLR line which resets all the flip-flops. In this 
application, resetting clears out all data bits previously stored. 

Groups of flip-flops used for data storage are called registers. In digital 
systems, data are normally stored in groups of bits that represent numbers, codes, 
or other information. 


Data Transfer 


It is often necessary to transfer a data bit from one flip-flop to another, as 
illustrated in Figure 7-48 using pulse-triggered (master-slave) flip-flops. A data bit 
is clocked into flip-flop A on the leading edge of the first clock pulse. (The 1 in this 
case is indicated by the shaded area in the timing diagram.) The O, Output goes 
HIGH on the trailing edge of the clock pulse. Since the Q output of flip-flop A is 
connected to the D input of flip-flop B, the 1 is clocked into flip-flop B on the 
leading edge of the second clock pulse and appears on the O, output on the 
trailing edge. Thus, the transfer of the data bit from flip-flop A to flip-flop B has 
been achieved. This concept is important in certain types of registers that are 
covered in a later chapter. 


into master 
of flip-flop A of flip-flop B 


FIGURE 7-48 Data bit (1 indicated by shaded area) being transferred into flip-flop A and 
then to flip-flop B. 


This example is a good way to demonstrate the advantage of master-slave 
flip-flops over edge-triggeied flip-flops in certain situations. Figure 7-49 shows 
the circuit of Figure 7-48 implemented with negative edge-triggered D flip-flops. 
The data bit is clocked into flip-flop A on the trailing edge of the first clock pulse, 
and Q, goes HIGH at this time (actually 1ргн later). At the trailing edge of the 
second clock pulse, Q, goes LOW a short time (tpa) after the 1 is being clocked 
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Data Ов 


Flip-flop A 
CLK 


1 clocked 
into flip-flop A 


FIGURE 7-49 A case of data transfer using edge-triggered flip-flops. An unreliable 
transfer is possible due to a race condition. 


into flip-flop B, creating what is called a race condition. This produces a marginal 
condition because if O, (which is also the D input of flip-flop B) does not remain 
HIGH long enough after the triggering edge of the clock, the 1 may not be 
transferred. Q, must remain HIGH for a time equal to the hold time (¢,,) in order 
to be reliably clocked into flip-flop B. The 1 is properly transferred only if ty, < 
ви. (CLK to О). So, a potentially unreliable data-transfer situation is created. 
The very low hold times on some newer edge-triggered flip-flops eliminate the 
need for master-slave flip-flops in many applications in which they previously had 
an advantage. 


Frequency Division 

Another basic application of a flip-flop is dividing (reducing) the frequency of a 
periodic waveform. When a pulse waveform is applied to the clock input of a J-K 
flip-flop that is connected to toggle, the Q output is a square wave with one-half 
the frequency of the clock input. Thus, a single flip-flop is a divide-by-2 device, as 
is illustrated in Figure 7-50. As you can see, the flip-flop changes state on each 
triggering clock edge (positive edge-triggered in this case). This results in an 
output that changes at half the frequency of the clock waveform. 


A 
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FIGURE 7-50 The J-K flip-flop HIGH 
as a divide-by-2 device. 


Further division of a clock frequency can be achieved by using the output of 
one flip-flop as the clock input to a second flip-flop, as shown in Figure 7-51. The 
frequency of the О, output is divided by 2 by flip-flop B. The O, output is, 
therefore, one-fourth the frequency of the original clock input. 

By connecting flip-flops in this way, a frequency division of 2” is achieved, 
where л is the number of flip-flops. For example, three flip-flops divide the clock 
frequency by 23 = 8; four flip-flops divide the clock frequency by 24 = 16; and so 
on. 


FIGURE 7-51 Example of two 
J-K flip-flops used to divide the 
clock frequency by 4. 


Flip-flop A Flip-flop B 


Counting 


Another very important application of flip-flops is in digital counters, which are 
covered in detail in the next chapter. The concept is illustrated in Figure 7-52. The 
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flip-flops are negative edge-triggered J-Ks. Both flip-flops are initially reset. Flip- 
flop A toggles on the negative-going transition of each clock pulse. The Q output 
of flip-flop A clocks flip-flop B so that each time Q, makes a HIGH-to-LOW 
transition, flip-flop B toggles. The resulting Q4 and Оз waveforms are shown in 
the figure. 


CLK 


Flip-flop A Flip-flop B 


Q4 oj ! 0 1 0 1 0 1 
| | | | | | | | 
Ов o! o Е olo [RET 
| | | | | 
o! 1 | 2 | рр 329 
У 
Binary Binary 
sequence sequence 


FIGURE 7-52 Flip-flops used to generate a binary count sequence. 


Observe the sequence of Q4 and Оһ. Prior to clock pulse 1, Q4 = 0 and 
Qp = 0; after clock pulse 1, Q4 = 1 and Оһ = 0; after clock pulse 2, Q4 = Qand 
Og = 1; and after clock pulse 3, О, = 1 and Оз = 1. If we take Q, as the least 
significant bit, a two-bit binary sequence is produced as the flip-flops are clocked. 
This binary sequence repeats every four clock pulses, as shown in the timing 
diagram of Figure 7-52. Thus, the flip-flops are counting in sequence from 0 to 3 
(00, 01, 10, 11) and then recycling back to 0 to begin the sequence again. 


LLL LL 


1. A group of flip-flops used for data storage is called a 
2. How must a J-K flip-flop be connected to function as a divide-by-2 element? 


3. How many flip-flops are required to produce a divide-by-32 device? 


ИР Н 
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ONE-SHOTS 


A second type of multivibrator is the one-shot (monostable) multivibrator. This 
device has only one stable state. When triggered, it changes from its stable to its 
unstable state and remains there for a specified length of time before returning 
automatically to its stable state. 

Figure 7-53 shows a basic one-shot circuit composed of a logic gate and an 
inverter. When a pulse is applied to the trigger input, the output of gate G, goes 
LOW. This HIGH-to-LOW transition is coupled through the capacitor to the 
input to inverter, G,. The apparent LOW on G, makes its output go HIGH. This 
HIGH is connected back into G,, keeping its output LOW. Up to this point, the 
trigger pulse has caused the output of the one-shot, Q, to go HIGH. 


*Vcc 


"T: 
Apparent LOW 


FIGURE 7-53 A simple one-shot circuit. 


The capacitor immediately begins to charge through R toward the high 
voltage level. The rate at which it charges is determined by the RC time constant. 
When the capacitor charges to a certain level which appears as a HIGH to G,, the 
output goes back LOW. Е 

6 To summarize, the output of inverter G, goes HIGH in response to the 
trigger input. It remains HIGH for a time set by the RC time constant. At the end 
of this time, it goes LOW. So, a single narrow trigger pulse produces a single 
output pulse whose time duration is controlled by the RC time constant. This 
operation is illustrated in Figure 7-53. A typical one-shot logic symbol is shown in 


TON and the same symbol with an external R and C is shown in Figure 


Integrated Circuit One-Shots 


The two basic types of IC one-shots are nonretriggerable and retriggerable. A 
nonretriggerable type will not respond to any additional trigger pulses once it is 
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+Исс 
ты гі 
CX 
RX/CX 
7 [^ Q T [^ Q 
(a) (b) 


FIGURE 7-54 One-shot logic symbols (ANSIIIEEE Std.). 


triggered into its unstable state (fired) until it returns to its stable state (times out). 
In other words, the period of the trigger pulses must be greater than the time the 
one-shot remains in its unstable state. The time that it remains in its unstable state 


is the pulse width of the output. 
Figure 7-55 shows the one-shot being triggered at intervals greater than its 
pulse width and at intervals less than the pulse width. Notice that in the second 


case, the additional pulses are ignored. 


(a) 


(b) 
FIGURE 7-55 Nonretriggerable one-shot action. 


A retriggerable one-shot can be triggered before it times out. The result of 
retriggering is an extension of the pulse width as illustrated in Figure 7-56. 
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(a) 


k— بس‎ 
T 
(b) te Retriggers 
0 | 
Este 


FIGURE 7-56  Retriggerable one-shot action. 


The 74122 One-Shot 


The 74122 is an example of an IC one-shot with a. gated trigger and a clear input. It 
has provisions for external R and C, as shown in Figure 7-57. Al, A2. ВІ, and B2 
are the gated trigger inputs. Rınr is an internal timing resistor. 


(a) Traditional logic symbol (b) АМЗИЕЕЕ Std 91-1984 logic 
symbol (X = nonlogic connection) 
FIGURE 7-57 Logic symbol for the. 74122 retriggerable one-shot (monostable multi- 
vibrator). 


The pulse width is set by the external resistor and capacitor connected to 


pins 10 and 11. A general formula for calculating the values of these components 
for a specified pulse width (ty) is 


His Кк Сеулі tg ) (7-1) 
EXT, 


where K is aconstant determined by the particular type of one-shot and is usually 
given on manufacturers’ data sheets. For example, K is 0.32 for the 74122. 
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The 74123 One-Shot 


Another example of an integrated circuit one-shot is the 74123, which is a dual 
retriggerable one-shot as shown in Figure 7-58. 


FIGURE 7-58 The 74123 dual 
retriggerable one-shot. 


ICLR 
1СЕхт 
1Крхт/СЕхт 


EXAMPLE Determine the values of Rgxr and Cgx that will produce a pulse width of 1 us 


7-13 


when connected to a 74123. Show the connections. 


Solution The manufacturer's data sheet gives К = 0.28 for this device. Кехт 
is in kilohms (КО), Сехт is in picofarads (pF), and ty is in nanoseconds (ns). 


ty = KRexsCexr | "ax ) 
EXT 


Assume a value of Сьхт = 500 pF and then solve for Res. 


КВЕх:С 
КА СТ Р) 


[жел EXT 
= KRextCexr + 0.7KCexr 
у = OAR ча o Bale 
Rot RE Т кш 
1000 ns 0.7 


= (0.28)500 pF _ 
= 7.14 КО 
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Connections are shown in Figure 7-59. 


FIGURE 7-59 


1 
374123 


1. Describe the difference between а nonretriggerable and a retriggerable one- 


shot. 
2. How is the output pulse width adjusted in most IC one-shots? 


ASTABLE MULTIVIBRATORS 


A third type of multivibrator is the astable (free-running) type. This device has no 
stable states, but it switches back and forth between two unstable states. The 
astable multivibrator is used as an oscillator to provide clock signals for timing 
purposes. 

Figure 7-60 shows a basic astable using two inverters. Notice the capacitive 
coupling from the output of each inverter to the input of the other. The operation 
is similar to that of the one-shot in its unstable state, but the two capacitive 
coupling networks prevent either inverter from having a stable state. If the circuit 
is designed properly, it will start oscillating on its own and requires no initial input 
trigger. 


FIGURE)|7-60 Ал example of +Исс 
ап мету multivibrator. 
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The 555 Timer 


The 555 timer is an integrated circuit that can be used as an astable or monostable 
multivibrator and for many other applications. Figure 7-61 shows a functional 
diagram of a 555 timer. 


+Исс (8) Reset (4) 
Control voltage (5) 


Threshold (6) 


Output (3) 


Trigger (2) 


GND (1) Discharge (7) 


FIGURE 7-61 A 555 timer. 


The threshold and trigger levels are normally 8V cc and 4V cc, respectively. 
These levels can be altered with external connections to the control voltage 
terminal. When the trigger input goes below the trigger level, the internal latch is 
SET and the output goes HIGH. When the threshold input goes above the 
threshold level, the latch is RESET and the output goes LOW. 

The RESET inputs can override the other inputs. Here is what happens 
when the RESET is LOW: The latch is RESET, causing the output to go LOW. 
This turns on Q,, providing a low impedance path from the discharge terminal to 


ground. 


Astable operation А 555 timer is shown in Figure 7-62 connected as a free- 
running multivibrator. Notice that the trigger input and threshold inputs are 
connected together. The capacitor C charges through R, and R, and discharges 
through R;. Therefore, the frequency and duty cycle of the output waveform can 
be set by selecting proper values for these two resistors. Figure 7-63 shows 
typical waveforms produced by this device. It can be used as a pulse signal source 


in various applications. 
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Reset о +Ис (5 V to 15 V) 


RL 


© Output 
Discharge 


R2 


Threshold 


FIGURE 7-62 A 555 timer connected for astable operation. 
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PIN 3 


k'a +} т 


2 
PIN 6 Y 


їсс | 
С сһагрех ٤ kien laisad C discharges 
through R; and А through R5 
during teh- during !qi cp. 


FIGURE 7-63 Asiable waveforms. 


The following formula can be used to calculate the frequency of the 555 
timer for astable operation: 


f-i- ibi E (7-2) 

The time that the output is in the HIGH state is 
їн = 0.693(R, + КУС (7-3) 

The time that the output is in the LOW State is 
t, = 0.693R,C (7-4) 


The period of the output waveform is the sum of the HIGH time and the LOW 
time. 


Booty tut 0.693(R, + 2R3)C (7-5) 
Finally, the duty cycle is developed as follows: 


Duty cycle = a S ey = Ку + К (7-6) 
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A 555 timer is to be used as an astable multivibrator. Determine the values for 
R, and R, if the output frequency is to be 10 kHz with a duty cycle of 
approximately 50%. The capacitor C is 0.001 uF. 


Solution For a 50% duty cycle, t = tj; therefore К, + R, = К.. To satisfy 
this requirement, R >> R,. 


1.44 1.44 


f= R +255 ^ 2R,C 
та 1.44 
2fC ~ 210 КН2) 0.001 pF) 
72 ка 


1. Explain the difference т operation between ап astable multivibrator and а 
monostable multivibrator. 

2. Fora certain astable multivibrator, z = 15 ms and T = 20 ms. What is the 
duty cycle of the output? 


TROUBLESHOOTING 


In industry, it is standard practice to test a new circuit design to be sure that it is 
operating as specified. New designs are usually *'breadboarded'' and tested 
before the design is finalized. The term breadboard refers to a method of tem- 
porarily hooking up a circuit so that its operation can be verified and any faults 
(bugs) worked out before a prototype unit is built. We will now consider an 
example case. 

The purpose of the circuit in Figure 7-64(a) is to generate two clock wave- 
forms (CLK A and CLK В), having an alternating occurrence of pulses. Each 
waveform is to be one-half the frequency of the original clock (CLK), as shown in 
the ideal timing diagram in part (b). 

When the circuit is tested, the CLK A and CLK B waveforms appear on the 
oscilloscope as shown in Figure 7-65(a). Since glitches are observed on both 
waveforms, something is wrong with the circuit either in its basic design or in the 
way it is connected. Further investigation reveals that the glitches are caused by a 
race condition between the CLK signal and the Q and Q signals at the inputs of the 
AND gates. As displayed in Figure 7-65(b), the propagation delays between CLK 
and Q and Q create a short-duration coincidence of HIGH levels at the leading 
edges of alternate clock pulses. Thus, there is a basic design flaw. 


332 


CLK A 


CLK 


CLK B 


(b) 


CLK A 


CLK B 


(a) Oscilloscope display of CLK A and CLK B waveforms 


FIGURE 7-65 Oscilloscope displays for the circuit т Figure 7-64. 


CLK A 


CLK 


CLK B 


(b) 


FIGURE 7-66 Two-phase clock generator using negative edge-triggered flip-flop to elimi- 
nate glitches. 


CLK A 


(b) Oscilloscope display showing propagation 
delay that creates glitch on CLK A waveform 


FIGURE 7-65 (Continued) 
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(c) Ј-К 


FIGURE 7-69  Pulse-triggered (master-slave) flip-flops. 


О Data lock-out flip-flops are similar to master-slave types in that they are sensitive to the 
inputs only at the leading clock edge, but the output is postponed until the trailing clock 
edge. However, inputs can be changed while clock is HIGH without affecting the 
operation. Figure 7-70 shows symbols and truth tables for data lock-out flip-flops. 


(c) JK 
FIGURE 7-70 Data lock-out flip-flops. 
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o 


SELF-TEST 


Monostable multivibrators (one-shots) have one stable state, When the one-shot is 
triggered, the output goes to its unstable state for a time determined by an RC circuit, 
Figure 7-71 shows the symbol for a one-shot. 


FIGURE 7-71 Monostable multi- Tu 
vibrator (one-shot). 
Г, 5 о 
RX/CX 
Cx 


Astable multivibrators have no stable states and are used as oscillators to generate 
timing waveforms in digital systems. 


An active-HIGH input S-R latch has а 1 on the 5 input and a 0 on the R input, What 
state is the latch in? 

Why is the 5 = 1, R = Гирш state invalid in an active-HIGH S-R latch? 

The following sequence of levels is applied to the inputs of a gated D latch: D goes 
HIGH, then EN goes HIGH, then D goes LOW, then EN goes LOW and back HIGH. 
What is the sequence of levels on the Q output? 

List the three basic types of edge-triggered flip-flops classified by inputs. 

Name the two types of edge-triggered flip-flops classified by the method of triggering, 
and explain the difference. 

What advantage does a J-K flip-flop have over an S-R? 

For a negative edge-triggered J-K flip-flop, J = 0, К = 1, and О = 0. When the clock 
input goes HIGH, what happens to О? When the clock input goes LOW, what 
happens to Q? 

Describe basically how data are clocked into a pulse-triggered (master-slave) flip-flop. 
What is the major restriction when operating a pulse-triggered flip-flop? 
Symbolically, how can a data lock-out flip-flop be distinguished from a pulse-triggered 
flip-flop? 

Typically, a manufacturer's data sheet specifies four different propagation delay times 
associated with a flip-flop. Name and describe each one. 

The data sheet of a certain flip-flop specifies that the minimum HIGH time for the 
clock pulse is 30 ns and the minimum LOW time is 37 ns, What is the maximum 
operating frequency? 

List four basic flip-flop applications. 

Sketch the output of a one-shot with an output pulse width of 50 us that is triggered 
with а 10-kHz signal. 

How are astable multivibrators normally used in digital systems? 
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PROBLEMS 


Section 7-1 
7-1 If the waveforms in Figure 7-72 are applied to an active-LOW input S-R latch, 


sketch the resulting Q output waveform in relation to the inputs. Assume that Q 
starts LOW. 


FIGURE 7-72 


Repeat Problem 7-1 for the input waveforms in Figure 7-73 applied to an active- 
HIGH S-R latch. 


FIGURE 7-73 s П П ПЛ [Lf 
ИЛ 


7-3 Repeat Problem 7-1 for the input waveforms in Figure 7-74. 


| 


FIGURE 7-74 


For a gated S-R latch, determine the О and 0 outputs for the given inputs in Figure 


7-4 
7-75. Show them in proper relation to the enable. Assume that Q starts LOW. 


FIGURE 7-75 
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7-5 Repeat Problem 7-4 for the inputs in Figure 7-76. 


FIGURE 7-76 


7-6 Repeat Problem 7-4 for the inputs in Figure 7-77. 


FiGORE 799. отит үл 


7-1 For a gated D latch, the waveforms shown in Figure 7-78 are observed on its inputs. 
Sketch the output waveform you would expect to : ге at Q if the latch is initially 


RESET. 
FIGURE 7-78 EN TENE RII 
ra | Бои |^ 
La d 1 П | | | 
per eL ЭЙ Lus 
Section 7-2 


7-8 Two edge-triggered S-R flip-flops are shown in Figure 7-79. If the inputs are as 
shown, sketch the Q output of each flip-flop, indicating the relative difference 
between the two. The flip-flops are initially RESET. 


FIGURE 7-79 
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7-9 


7-10 


7-11 


7-12 


The Q output of the edge-triggered S-R flip-flop in Figure 7-80 is shown in relation to 
the clock signal. Determine the input waveforms on the 5 and R inputs that are 
required to produce this output if the flip-flop is a positive edge-triggered type. 


FIGURE 7-80 


Sketch the Q output for a D flip-flop with the inputs as shown in Figure 7-81. 
Assume positive edge-triggering and Q initially LOW. 


FIGURE 7-81 
с 
| 


Win ори МОИ 


Repeat Problem 7-10 for the inputs in Figure 7-82, 


FIGURE 7-82 
с JLILILTLILILIL 


| | | | | | | 


For a positive edge-triggered J-K flip-flop with inputs as shown in Figure 7-83, 
determine the Q output. Assume that Q starts LOW. 


FIGURE 7-83 
ALLOA in 
rea uad os) p NM 
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7-13 Repeat Problem 7-12 for the inputs in Figure 7-84. 


FIGURE 7-84 


7-14 Determine the О waveform if the signals shown in Figure 7-85 are applied to the 
inputs of the J-K flip-flop. Q is initially LOW. 


FIGURE 7-85 


Section 7-3 
7-15 For a pulse-triggered (master-slave) J-K flip-flop with the inputs in Figure 7-86, 
sketch the О output waveform. Assume that О is initially LOW. 


Se PP E Ee TIL 
„ЕЛ ШЕКЕ КТ L 


FIGURE 7-86 
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7-16 The following serial data are applied to the flip-flop as indicated in Figure 7-87. 
Determine the resulting serial data that appear on the Q output. There is one clock 
pulse for each bit time. Assume that Q is initially 0. Right-most bits are applied first. 


Jy: 1010011 
Jo: 0111010 
Ју 0 
Ку: 0001110 
Ку: 1101100 
Ку: 1010101 


FIGURE 7-87 


7-17 The 7472 is ап AND-gated master-slave J-K flip-flop as shown in Figure 7-88(a). 
Complete the timing diagram in Figure 7-88(b) by sketching the Q output (which is 
initially LOW). 


(b) 


FIGURE 7-88 


7-18 Sketch the Q output of flip-flop B in Figure 7-89 in proper relation to the clock. The 
flip-flops are initially RESET. 
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FIGURE 7-89 


7-19 Sketch the Q output of flip-flop B in Figure 7-90 in proper relation to the clock. The 
flip-flops are initially RESET. 


HIGH 


ах УЛАДЫ 


FIGURE 7-90 


Section 7-4 
7-20 Fora data lock-out flip-flop with the inputs in Figure 7-86, draw the timing diagram 


showing Q starting in the LOW state. 

7-21 The D input and a single clock pulse are shown in Figure 7-91. Compare the 
resulting Q outputs for positive edge-triggered, negative edge-triggered, pulse-trig- 
gered, and data lock-out flip-flops. The flip-flops are initially RESET. 


FIGURE 7-91 
D 
PT T 
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Section 7-5 
7-22 The flip-flop in Figure 7-92 is initially RESET. Show the relation between the Q 
output and the clock pulse if the propagation delay tp, y (clock to О) is 8 ns. 


FIGURE 7-92 +Исс 


32 ns + 


7-23 The direct current required by a particular flip-flop that operates on a +5 V dc 
source is found to be 10 mA. A certain digital device uses 15 of these flip-flops. 
Determine the current capacity required for the -- 5 V dc supply and the total power 
dissipation of the system. 

7-24 For the circuit in Figure 7-93, determine the maximum frequency of the clock signal 
for reliable operation if the set-up time for each flip-flop is 20 ns and the propagation 
delays (гь; у and tp,,,) from clock to output are 50 ns for each flip-flop. 


HIGH 


Section 7-6 


7-25 An S-R flip-flop is connected as shown in Figure 7-94. Determine the Q output in 
relation to the clock. What specific function does this device perform? 


FIGURE 7-94 
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7-26 Draw the logic diagram for a circuit that will divide the input clock frequency by 16. 


7-27 


7-28 


Use negative edge-triggered J-K flip-flops. 

Devise a basic counter circuit that produces a binary sequence from 0 through 7 
using negative edge-triggered J-K flip-flops. 

In the shipping department of a softball factory, the balls roll down a conveyor and 
through a chute single-file into boxes for shipment. Each ball passing through the 
chute activates a switch circuit that produces an electrical pulse. The capacity of 
each box is 32 balls. Design a logic circuit to indicate when a box is full so that an 
empty box can be moved into position. 


Section 7-7 
7-29 Determine the pulse width of a 74123 one-shot if the external resistor is 3.3 КО and 


7-30 


the external capacitor is 2000 pF. Assume that the data sheet gives К = 0.28. 

An output pulse of 5 ps duration is to be generated by a 74123 one-shot. Using a 
capacitor of 10,000 pF and K — 0.28, determine the value of external resistance 
required. 


Section 7-8 
7-31 A 555 timer is configured to run as an astable multivibrator as shown in Figure 7-95. 


Determine its frequency. 


FIGURE 7-95 


Output 


7-32 Determine the value of R, for a 555 timer used as ап astable multivibrator with an 


output frequency of 20 kHz, if the external capacitor C is 0.002 uF and the duty 
cycle is to be approximately 50%. Make R, = 1 kQ. 


ANSWERS TO SECTION REVIEWS 


Section 7-1 
S-R, D, gated S-R, gated D ) 
2. SR = 00, МС; SR = 01, О = 0; SR = 10, О = 1; SR = 11, invalid. 


1. 


3. 


1 
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Section 7-2 

1. The output of a gated S-R latch can change anytime the gate enable (EN) input is 

active. The output of an edge-triggered S-R flip-flop can change only on the triggering 

edge of a clock pulse. 

The J-K flip-flop does not have the invalid state as does the S-R flip-flop. 

3. Q goes HIGH on the trailing edge of the first clock pulse, LOW on the trailing edge of 
the second pulse, HIGH on the trailing edge of the third pulse, and LOW on the trailing 
edge of the fourth pulse. 


p 


Section 7-3 

1. In the pulse-triggered flip-flop (master-slave), a data bit goes into the master section on 
the leading edge of a clock pulse and is transferred to the output (slave) on the trailing 
edge. In the edge-triggered flip-flop, a data bit goes into the flip-flop and appears on the 
output on a single clock edge. 

2. (a) Nothing. (b) The output will change. 

3. The J-K does not have an invalid state. 


Section 7-4 
1. A data lock-out is sensitive to the input data only during a clock transition and not 
while the clock is in its active state. 


Section 7-5 

1. (a) Time required for input data to be present before triggering edge of clock. 
(b) Time required for data to remain on input after triggering edge of clock. 

2. 74LS76A in Table 7-8. 


Section 7-6 
1. Register 2. Toggle (J = 1, К = 1) 3.5 


Section 7-7 

1. Nonretriggerable times out before it can respond to another trigger input. Retriggerable 
responds to each trigger input. 

2. With external R and С. 


Section 7-8 
1. Astable has no stable state. Monostable has one stable state. 
2. 7596 


Section 7-9 
1. Yes. 


alle, ры Er 


_ As you saw in the last chapter, flip-flops can be 

. connected together to perform counting opera- 
„tions. Such a group of flip-flops is called а 

ounter. The number of flip-flops used and the 

way in which they are connected determine the 
umber of states (called the modulus) and the se- 
quence of states that the counter goes through in. 

‚ each complete cycle. 

Я Counters are classified into two мем ule: 

` gories according to the way they are clocked: у 
"asynchronous and synchronous. In asynchronous 
counters, commonly called ripple counters, the 

rst flip-flop is clocked by the external clock 

ulse, and then each successive flip-flop is 

locked by the О or О output of the previous flip- 
lop. Therefore, in asynchronous counters, the 
ip-flops are not clocked simultaneously. In syn: 
hronous counters, the clock input is connected 
о all of the flip-flops, and thus they are clocked th 
imultaneously. А 
Within each of these two categories, coun- 
ters are classified primarily. by the sequence of 
ates, by the nümber of states, or by the number 
f flip-flops (stages) within the counter. . 
Specific devices. introduced in this chapter 
are the Гоха 


1. 7493A foui-bif asynchronous duy 
- counter’ 


; ji 74LS163A four-bit уер binary, 
. counter 


74190 аа. км. counter - 


a des oo s в. бао -o 


s ELSE DIESES 


In this chapter, you will learn 


The difference between asynchronous and. 
synchronous counters. ' 
How to analyze counter timing diagrams. - 
How asynchronous binary counters operate. 
The meaning of ripple ашы ‘its major 
drawback: 

How propagation delays affect the opetatio 
of a counter, - 
How asynchronous decade count 


How to design cou ters with 
sequence. | ; 
-How to determine 


-achieve кеше divide- y pee y 
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8-1 


COUNTERS 


ASYNCHRONOUS COUNTERS 


The term asynchronous refers to events that do not occur at the same time. With 
respect to counter operation, asynchronous means that the flip-flops within the 
counter are not made to change states at exactly the same time; they do not be- 
cause the clock pulses are not connected directly to the C input of each flip-flop 
in the counter. 

Figure 8-1 shows a two-bit counter connected for asynchronous operation. 
Notice that the clock line (CLK) is connected to the clock input (C) of only the 
first stage, FFA. The second stage, FFB, is triggered by the Q4 output of FFA. 
FFA changes state at the positive-going edge of each clock pulse, but FFB 
changes only when triggered by a positive-going transition of the Ох output of 
FFA. Because of the inherent propagation delay time through a flip-flop, a 
transition of the input clock pulse апаа transition of the Q, output of FFA can 
never occur at exactly the same time. Therefore, the two flip-flops are never 
simultaneously triggered, which results in asynchronous counter operation. 


HIGH 


ax ПЛЛЛ. 


FFA FFB 


FIGURE 8-1 А two-bit asynchronous binary counter. 


Let us examine the basic operation of the counter of Figure 8-1 by applying 
four clock pulses to FFA and observing the Q output of each flip-flop; Figure 8-2 
illustrates the changes in the state of the flip-flop outputs in response to the clock 


wl oco c ue 


FIGURE 8-2 Timing diagram for the counter of Figure 8-1. 
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pulses. Also, both flip-flops are connected for toggle operation (J = 1, К = 1) and 
are assumed to be initially RESET. 
The positive-going edge of CLK, (clock pulse 1) causes the Q, output of 
FFA to go HIGH. The О a Output at the same time goes LOW, but it has no effect 
on FFB because a positive-going transition must occur to trigger the flip-flop. 
After the leading edge of CLK,, О, = 1 and Ор = 0. The positive-going edge 
of CLK, causes Q, to go LOW. Q, goes HIGH and triggers FFB, causing Q, to 
go HIGH. After the leading edge of CLK,, О, = 0 and Og = 1. The positive- 
going edge of CLK, causes Од to go HIGH again. O, goes LOW and has no effect 
on FF. Thus, after the leading edge of CLK;, О, = 1 and Og = 1. The positive- 
going edge of CLK, causes О, to go LOW. Q, goes HIGH and triggers FFB, 
causing Ор to go LOW. After the leading edge of CLK,, O, = 0 and Q, = 0. The 
counter has now recycled back to its original state (both flip-flops are RESET). 
The waveforms of the Q, and Q, outputs are shown relative to the clock 
pulses in Figure 8-2. This waveform relationship is called a timing diagram. It 
should be pointed out that for simplicity, the transitions of Од, Og, and the clock 
pulses are shown simultaneous even though this is an asynchronous counter. 
There is, of course, some small delay between the CLK, Ол, and Оһ transitions. 
Notice that the two-bit counter exhibits four different states, as you would 
expect with two flip-flops (22 = 4). Also, notice that if Q, represents the least 
significant bit (LSB) and Q, represents the most significant bit (MSB), the 
sequence of counter states is actually a sequence of binary nunibers as shown in 
Table 8-1. In this book, Q, is always the LSB unless otherwise specified. 
Since it goes through a binary sequence, the counter in Figure 8-1 is a binary 
counter. It actually counts the number of clock pulses up to three, and on the 
fourth pulse it recycles to its original state (О, = 0, Og = 0). The term recycle is 
commonly applied to counter operation; it refers to the transition of the counter 
from its final state back to its original state. 


TABLE 8-1 


Clock Pulse 


А Three-Bit Asynchronous Binary Counter 


A three-bit asynchronous binary counter is shown in Figure 8-3(a). The basic 
operation, of course, is the same as that of the two-stage counter just discussed, 
except that it has eight states due to its three stages. A timing diagram appears in 
Figure 8-3(b) for eight clock pulses. 


COUNTERS 


h ^ w M i Dim 
и Theee-bit asynchronous binary counter and its timing diagram for one 
. Notice that the progresses through a binary count of 0 to 7 and then 


recycles to the 0 state. This counter sequence is presented in Table 8-2. 


TABLE 8-2 State sequence 
а three-stage binary ! Clock. Pulse On 


t counters are ОШУ relérréd to às ripple counters for the 
following reason. The effect of the input clock pulse is first “felt” by FFA. This 


| yet cannot get w FFB immediately doo to ihe propegation delay through FFA. 
dig К see ZA L Sat yee 1 


fuo Do 
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Then there is the propagation delay through РЕВ before ЕЕС can be triggered. 
Thus, the effect of an input clock pulse “ripples” through the counter, taking 
some time, due to propagation delays, to reach the last flip-flop, To illustrate, 
notice that all three flip-flops in the counter of Figure 8-3 change state as a result 
of CLK,. The HIGH-to-LOW transition of Q, occurs one delay time after the 
positive-going transition of the clock pulse. The HIGH-to-LOW transition of Oy 
occurs one delay time after the positive-going transition of Q,. The LOW-to- 
HIGH transition of О occurs one delay time after the positive-going transition of 
О». As you can see, РЕС is not triggered until two delay times after the positive- 
going edge of the clock pulse, CLK,. Thus, it takes three propagation delay times 
for the effect of the clock. pulse (CLK to "ripple" through the counter and 
change Oc from LOW to HIGH. This ripple clocking effect is illustrated in Figure 
8-4 for the first four clock pulses with the propagation delays shown, 


E | | | s i 
ah i rm CLK 0 Q = ktt- 


Mt Api ACK 04), 
р ҺЕ (Om O) т РН п був Qui 
(CA iic. | HEL mm) да, 


FIGURE 8-4 Propagation delays in a ripple clocked binary counter, 


This cumulative delay of an asynchronous counter is a major disadvantage in 
many applications because it limits the rate at which the counter can be clocked 
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HIGH 


FIGURE 8-5 Four-bit asynchronous binary counter and its timing diagram. 


Solutions The timing diagram with delays omitted is as shown in Figure 
8-5(b). To determine the total delay time, the effect of CLK, or CLK, must 
propagate through four flip-flops before Op changes. 


1, = 4 10 05 = 40 ns total delay 


Asynchronous Decade Counters 


Regular binary counters, such as those previously introduced, have a maximum 
modulus; that is, they progress through all of their possible states. Recall that the 
maximum possible number of states (maximum modulus) of a counter is 2”, where 
n is the number of flip-flops in the counter. 

Counters can also be designed to have a number of states in their sequence 
that is less than 2”. The resulting sequence is called a truncated sequence. 

One common modulus for counters with truncated sequences is ten. Coun- 
ters with ten states in their sequence are called decade counters. A decade 
counter with a count sequence of 0 (0000) through 9 (1001) is a BCD decade 
counter because its ten-state sequence is the BCD code. This type of counter is 


HIGH 
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very useful in display applications in which BCD is required for conversion to a 
decimal readout. 

To obtain a truncated sequence, it is necessary to force the counter to 
recycle before going through all of its normal States. For example, the BCD 
decade counter must recycle back to the 0000 state after the 1001 state. 

A decade counter requires four flip-flops (three flip-flops are insufficient 
because 23 = 8). We will now take a four-bit asynchronous counter such as tne 


> СЕВ 


FIGURE 8-6 An asynchronously clocked decade counter with asynchronous recycling. 
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Notice that only Q, and Qp are connected to the NAND gate inputs. This is 
an example of partial decoding, in which the two unique states (Ов = 1 and Qp = 
1) are sufficient to decode the count of 10,0 because none of the other states (0 
through 9) have both Ов and Ор HIGH at the same time. When the counter goes 
into count 10,0 (10105), the decoding gate output goes LOW and asynchronously 
RESETS all of the flip-flops. 

The resulting timing diagram is shown in Figure 8-6(b). Notice that there is a 
glitch on the Ов waveform. The reason for this glitch is that Qj must first go 
HIGH before the count of 1015 can be decoded. Not until several nanoseconds 
after the counter goes to the count of 10, does the output of the decoding gate go 
LOW (both inputs are HIGH). Thus, the counter is in the 1010 state for a short 
time before it is RESET back to 0000, thus producing the glitch on О». 

Other truncated sequences сап be implemented in a similar way, as the next 
exampie shows. 


EXAMPLE Show how ап asynchronous counter can be implemented with a modulus of 
8-2 twelve with a straight binary sequence from 0000 through 1011. 


Solution Since three flip-flops can produce a maximum of eight states, four 
flip-flops are required to produce any modulus greater than eight but less than 
or equal to sixteen. 

When the counter gets to its last state, 1011, it must recycle back to 0000 
rather than going to its normal next state of 1100, as illustrated in the sequence 
chart below. 


Recycles 


0 <— Normal next state 


Observe that Q4 and Og both go to 0 anyway, but Ос and Ор must be 
forced to 0 on the twelfth clock pulse. Figure 8-7(a) shows the modulus-12 
counter. The NAND gate partially decodes count 12 (1100) and RESETS flip- 
flop C and flip-flop D. Thus, on the twelfth clock pulse, the counter is made to © 
recycle from count 11, to count 0, as shown in the timing diagram of Figure 
8-7(b). (It is in count 12 for only a few nanoseconds before it is RESET.) 
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12 decoder” 


HIGH 


FIGURE 8-7  Asynchronously clocked modulus-12 counter with asynchronous recycling. 


The 7493A Four-Bit Binary Counter 


The 7493A is presented as an example of a specific integrated circuit 
asynchronous counter. As the logic diagram in Figure 8-8 shows, this device 
actually consists of a single flip-flop and a three-bit asynchronous counter. This 
arrangement is for flexibility. It can be used as a divide-by-2 device using only the 
single flip-flop, or it can be used as a modulus-8 counter using only the three-bit 
counter portion. This device also provides gated reset inputs, RO(1) and RO(2). 
When both of these inputs are HIGH, the counter is RESET to the 0000 state by 
CLR. 


358 
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Qp 
A " "e (MSB) 
FIGURE 8-8 The 7493A four-bit binary counter logic diagram. (Pin numbers are in 
parentheses, and all J-K inputs are internally connected HIGH.) 


Additionally, the 7493A can be used as a four-bit modulus-i6 counter 
(counts 0 through 15) by connecting the Q , output to the CLKB input as shown in 
Figure 8-9(a). It can also be configured as a decade counter (counts 9 through 9) 
with asynchronous recycling by using the gated reset inputs for partial decoding of 
count 10,9, as shown in Figure 8-9(b). 


CLKA 
CLKB 
ROU) CTR DIV 16 


RON) 


Qı Ов Qc Ор O, Ов Qc Ор 
(а) 7493A connected as а modulus- 16 thi 7493A connected as a decade counter 


counter 


FIGURE 8-9 Two configurations of the 7493A asynchronous counter. (The qualifying 
lable, CTR DIVn, indicates a counter with n states.) 


Show how the 7493A can be used as a modulus-12 counter. 


Solution Use the gated reset inputs, RO(1) and R0(2), to partially decode count 
12 (remember, there is an internal NAND gate associated with these inputs). 
The count-12 decoding is accomplished by connecting Qp to RO(1) and Qc tO | 


КО(2), as shown in Figure 8-10. О, is connected to CLKB to create a four-bit | 
counter. 
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FIGURE 8-10 7493A connected CLK A 
as a modulus-12 counter. ERER 
ROW) 
RO(2) 


Ол Ов Ос Qp 


Immediately after the counter goes to count 12 (1100), it is reset to 0000. 
This, however, results in a glitch on Qc because the counter must reside in the 
1100 state for several nanoseconds before recycling. 


SECTION 1. What does the term asynchronous mean in relation to counters? 
REVIEW 2. How many states does a modulus-14 counter have? 

8-1 

8-2 SYNCHRONOUS COUNTERS 


The term synchronous as applied to counter operation means that the counter is 
clocked such that each flip-flop in the counter is triggered at the same time. This 
is accomplished by connecting the clock line to each stage of the counter, as 
shown in Figure 8-11 for a two-stage counter. Notice that an arrangement differ- 
ent from that for the asynchronous counter must be used for the J and K inputs of 
FFB in order to achieve a binary sequence. 

The operation of this counter is as follows: First, we will assume that the 
counter is initially in the binary 0 state; that is, both flip-flops are RESET. When 
the positive edge of the first clock pulse is applied, FFA will toggle, and Q, will 
therefore go HIGH. What happens to FFB at the positive-going edge of CLK,? To 


HIGH 


CLK 


FIGURE 8-11 A two-bit synchronous binary counter. 
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find out, let us look at the input conditions of FFB. J and K are both LOW because 
Од, to which they are connected, has not yet gone HIGH. Remember, there is a 
propagation delay from the triggering edge of the clock pulse until the Q output 
actually makes a transition. So, J = 0 and К = 0 when the leading edge of the first 
clock pulse is applied. This is a no-change condition, and therefore FFB does not 
change state. A timing detail of this portion of the counter operation is given in 


Figure 8-12(a). 


ее 
RA 
Q4 жа Propagation delay through FFA 
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CLK3 | | 
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Р gation delay through FFA 
Q4 0 rs ropagati y throug 
1 | 
Ов 0 ass F Propagation delay through РЕВ 


(b) 
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FIGURE 8-12 Timing details for the two-bit synchronous counter operation. 


After CLK,, Q4 = Тапа Og = 0 (which is the binary 1 state). At the leading 
edge of CLK, FFA will toggle, and Q4 will go LOW. Since FFB ‘‘sees’’ a HIGH 
on its J and K inputs when the triggering edge of this clock pulse occurs, the flip- 
flop toggles and Оз goes HIGH. Thus, after CLK», Q4 = 0and Op = 1 (which is a 
binary 2 state). The timing detail for this condition is given in Figure 8-12(b). At 
the leading edge of CLK,, FFA again toggles to the SET state (Q4 = 1), and FFB 
remains SET (Qj = 1) because its J and К inputs are both LOW. After this 
triggering edge, Q4 = 1 and Og = 1 (which is a binary 3 state). The timing detail is 
shown in Figure 8-12(c). 

Finally, at the leading edge of CLK,, Q4 and Og go LOW because they both 
have a toggle condition on their J and К inputs. The timing detail is shown in 
Figure 8-12(d). The counter has now recycled back to its original state, binary 0. 
The complete timing diagram is shown in Figure 8-13. 

Notice that all of the waveform transitions appear coincident; that is, the 
delays are not indicated. Although the delays are a very important factor in the 
counter operation, as we have seen in the preceding discussion, in an overall 
timing diagram they are normally omitted for simplicity. Major waveform rela- 
tionships resulting from the logical operation of a circuit can be conveyed com- 
pletely without showing small delay and timing differences. 
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FIGURE 8-13 Timing diagram CLK - B Cer i Canal ТА 6: [ЕТ ERR [RN MN 
for the counter of Figure 8-11. 
pure roba aos 
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A Three-Bit Synchronous Binary Counter 


A three-bit synchronous binary counter is shown in Figure 8-14 and its timing 
diagram in Figure 8-15. An understanding of this counter can be achieved by a 
careful examination of its sequence of states as shown in Table 8-3. 


CLK 


TABLE 8-3 State sequence for 
a three-stage binary counter. 
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HIGH 
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First, let us look at Од. Notice that Q4 changes on each clock pulse as we 
progress from its original state to its final state and then back to its original state. 
To produce this operation, FFA must be held in the toggle mode by constant 
HIGHs on its J and K inputs. Now let us see what Ов does. Notice that it goes to 
the opposite state following each time Q4 is a 1. This occurs at СЕК», CLK;, 
СІК, and CLKg. CLKg causes the counter to recycle. To produce this opera- 
tion, Q4 is connected to the J and К inputs of FFB. When Ол is a 1 and a clock 
pulse occurs, FFB is in the toggle mode and will change state. The other times 
when Ол is a 0, FFB is in the no-change mode and remains in its present state. 

Next, let us see how FFC is made to change at the proper times according to 
the binary sequence. Notice that both times Qc changes state, it is preceded by 
the unique condition of both Q, and O, being HIGH. This condition is detected 
by the AND gate and applied to the J and K inputs of FFC. Whenever both Ox 
and Оз are HIGH, the output of the AND gate makes the J and К inputs of FFC 
HIGH, and FFC toggles on the following clock pulse. At all other times, the J and 
K inputs of FFC are held LOW by the AND gate output, and FFC does not change 
State. 


FIGURE 8-16 A four-bit synchronous binary counter and timing diagram. 
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A Four-Bit Synchronous Binary Counter 


Figure 8-16(a) shows a four-bit binary counter, and Figure 8-16(b) shows its 
timing diagram. This particular counter is implemented with negative edge- 
triggered flip-flops. The reasoning behind the J and K input control for the first 
three flip-flops is the same as presented previously for the three-stage counter. 
The fourth stage, FFD, changes only twice in the sequence. Notice that both of 
these transitions occur following the times Q4, Og, and Ос are all HIGH. This 
condition is decoded by AND gate С,, so that when a clock pulse occurs, FFD 
will change state. For all other times the J and K inputs of FFD are LOW, and it is 
in a no-change condition. 


Synchronous Decade Counters 


As you know, the BCD decade counter exhibits a truncated sequence and goes 
through a straight binary sequence through the 1001 state. Rather than going to the 
1010 state, it recycles to the 0000 state. A synchronous BCD decade counter is 
shown in Figure 8-17. 


FIGURE 8-17 А synchronous BCD decade counter. 


The counter operation can be understood by examining the sequence of 
states in Table 8-4. First, notice that FFA toggles on each clock pulse, so the logic 
equation for its J and K inputs is 

J, = КА = 1 


This is implemented by connecting these inputs to a constant HIGH level. Next 
notice that FFB changes on the next clock pulse each time О, = 1 and Ор = 0, so 
the logic equation for its J and K inputs is 


Jg = Кв = 0,02 
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TABLE 8-4 States of a BCD 


decade counter. Clock Pulse 


--55=52555 
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This is implemented by ANDing О, and Op and connecting the gate output to 
the J and K inputs of FFB. FFC changes on the next clock pulse each time both 
O, = 1 and Op = 1. This requires an input logic equation as follows: 


Jc = Кс = ОО» 


This is implemented by ANDing Q, and Q, and connecting the gate output to the 
J and K inputs of FFC. Finally, FFD changes to the opposite state on the next 
clock pulse each time O, = 1, Og = 1, and Ос = 1 (count 7), or when Q4 = 1 and 
Qp = 1 (count 9). The equation for this is as follows: 


Jp = Kp = Q4050Qc + Q40p 


This function is implemented with the AND/OR logic connected to FFD as 
shown in the logic diagram in Figure 8-17. Notice that the only difference between 
this decade counter and а modulus-16 binary counter is the Q,0, AND gate and 
the OR gate; this essentially detects the occurrence of the 1001 state and causes 
the counter to recycle properly on the next clock pulse. The timing diagram for the 
decade counter is given in Figure 8-18. 
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FIGURE 8-18 Timing diagram for the BCD decade counter (О a is the LSB). 
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The 74LS163A Synchronous Four-Bit Binary Counter 


The 74LS163A is an example of an integrated circuit synchronous binary counter. 
A logic symbol is shown in Figure 8-19. This counter has several features in 
addition to the basic functions previously discussed for the general synchronous 
binary counter. 


FIGURE 8-19 The 74L5163A Data inputs . 
four-bit synchronous binary TET 


counter. (The qualifying label 
CTR DIV 16 indicates a counter 
with sixteen states.) 


CLR 
LOAD 
ENP 
ENT 
CLK 


CTR DiV 16 


RCO 


Op Ос Ов Qa 
و‎ 


Data outputs 


First, the counter can be synchronously preset to any four-bit binary number 
by applying the proper levels to the data inputs. When a LOW is applied to the 
LOAD input, the counter will assume the state of the data inputs on the next clock 
pulse. This, of course, allows the counter sequence to be started with any four-bit 
binary number. A 

Also, there is an active-LOW clear input (CLR) which synchronously resets 
all four flip-flops in the counter. There are two enable inputs, ENP and ENT. 
These inputs must both be high for the counter to sequence through its binary 
states. When at least one is LOW, the counter is disabled. The ripple carry output 
(RCO) goes HIGH when the counter reaches the last state in the sequence, 15 
(1111). This output, in conjunction with the enable inputs, allows these counters 
to be cascaded for higher count sequences, as will be discussed later. 

Figure 8-20 shows a timing diagram of this counter being preset to 12 (1100) 
and then counting up to its terminal count, 15 (1111). A and Q, are the least 
significant input and output bits, respectively. 

Let us examine this timing diagram in detail. This will aid you in interpreting 
timing diagrams found later in this chapter or in manufacturers’ data sheets. 

To begin, the LOW level pulse on the CLR input causes all the outputs (Q4. 
Og, Ос, and Op) to go LOW. 

Next, the LOW level pulse on the LOAD input enters the data on the data 
inputs (A, B, C, and D) into the counter. These data appear on the Q outputs at the 
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FIGURE 8-20 Timing example for a 74LS163A. 


time of the first positive-going clock edge after LOAD goes LOW. This is the 
preset operation. In this particular example, Q4 is LOW, Op is LOW, Ос is 
HIGH, and Ор is HIGH. This, of course, is a binary 12 (Q, is the LSB). 

The counter now advances through binary counts 13, 14, 15 on the next 
three positive-going clock edges. It then recycles to 0, 1, 2 on the following clock 
pulses. Notice that both ENP and ENT inputs are HIGH during the count 
sequence. When ENP goes LOW, the count is inhibited, and the counter remains 
in the binary 2 state. 


The 74LS160A Synchronous Decade Counter 


This device has the same inputs and outputs as the 74LS163A binary counter 
previously discussed. It may be preset to any BCD count using the data inputs and 
a LOW on the LOAD input. A LOW on the CLR will RESET the counter. The 
count enable inputs ENP and ENT must both be high for the counter to advance 
through its sequence of states in response to a positive transition on the CLK 
input. As in the 74LS163A, the enable inputs in conjunction with the carry out 
(RCO; terminal count of 1001) provide for cascading several decade counters. 
Cascaded counters will be discussed later in tliis chapter. 
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Figure 8-21 shows a logic symbol, and Figure 8-22 is a timing diagram 
showing the counter being preset to count 7 (0111). 


FIGURE 8-21 The 74LS160A 
synchronous decade (BCD) 
counter. (The qualifying label 
CTR DiV 10 indicates a counter 


with ten states.) CLR 
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FIGURE 8-22 Timing example for a 741.5160А. 
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SECTION 1. How does a synchronous counter differ from an asynchronous counter? 
REVIEW 2. Explain the function of the presettable feature of counters such as the 
8-2 74LS160A and the 74LS163A. 


3. Describe the purpose of the ENP and ENT inputs and the RCO output for the 
two specific counters introduced in this section. 


8-3 UP/DOWN SYNCHRONOUS COUNTERS 


An up/down counter is one that is capable of progressing in either direction 
through a certain sequence. An up/down counter, sometimes called a bidirectional 
counter, can have any specified sequence of states. For example, a three-bit 
binary counter that advances upward through its sequence (0, 1, 2, 3, 4, 5, 6, 7) 
and then can be reversed so that it goes through the sequence in the opposite 
direction (7, 6, 5, 4, 3, 2, 1, 0) is an illustration of up/down sequential operation. 

In general, most up/down counters can be reversed at any point in their 
sequence. For instance, the three-bit binary counter mentioned can be made to go 
through the following sequence: 


up up 
—ы== А 
0:172 Зу 4.5,4:3:2 3456: 76 S сев. 
پت‎ —— 
down down 


TABLE 8-5 Up/down sequence 
for a three-bit binary counter. 


Table 8-5 shows the complete up/down sequence for a three-bit binary 
counter. The arrows indicate the state-to-state movement of the counter for both 
its UP and its DOWN modes of operation. An examination of Q, for both the UP 
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and DOWN sequences shows that FFA toggles on each clock pulse. So, the J and 
K inputs of FFA are 


Ј = Ky =1 


For the UP sequence, Q, changes state on the next clock pulse when 
Од = 1. For the DOWN sequence, Ов changes on the next clock pulse when 
Q, = 0. Thus, the J and K inputs of FFB must equal 1 under the conditions 
expressed by the following equation: 


Jg = Kg = Q,’ UP + Q4:DOWN 
For the UP sequence, Ос changes state on the next clock pulse when 
O, = Qp = 1. For the DOWN sequence, Ос changes on the next clock pulse 


when О, = Og = 0. Thus, the J and К inputs of FFC must equal 1 under the 
conditions expressed by the following equation: 


Jo = Ke = Qu Op МР + Q, Og: DOWN 


Each of the conditions for the J and K inputs of each flip-flop produces a toggle at 
the appropriate point in the counter sequence. 

Figure 8-23 shows a basic implementation of a three-bit up/down binary 
counter using the logic equations just developed for the J and K inputs of each flip- 
flop. Notice that the UP/DOWN control input is HIGH for UP and LOW for 
DOWN. 
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UP/DOWN 


CLK 


FIGURE 8-23 A basic three-bit upldown synchronous counter. 


EXAMPLE Determine the sequence of a synchronous four-bit binary up/down counter if 
8-4 the clock and up/down control inputs have waveforms as shown in Figure 
8-24(a). The counter starts in the all 0s state and is positive edge-triggered. 
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UP/DOWN | ——UP DOWN UP DOWN — 


FIGURE 8-24 


Solution From the waveforms in Figure 8-24(b), the counter sequence is as 
follows: 


The 74190 Up/Down Decade Counter 


Figure 8-25 shows a logic diagram for the 74190, a good example of an integrated 
circuit up/down counter. The direction of the count is determined by the level of 
the up/down input (D/U). When this input is HIGH, the counter counts down; and 
when it is LOW, the counter counts up. Also, this device can be preset to any 
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CTEN 
D/U 
LOAD 
CLK 


CTR DIV 10 


ep p B 


Ор Ос Ов Q4 
FIGURE 8-25 The 74190 up/down synchronous decade counter. 


desired BCD digit as determined by the states of the data inputs when the load 
input is LOW. 

The MAX-MIN output produces a HIGH pulse when the terminal count 9 
(1001) is reached in the up mode or when the terminal count 0 (0000) is reached in 
the down mode. This MAX-MIN output along with the ripple clock output (RCO) 


Data 
inputs 


Data | Qe ЕЕ 


FIGURE 8-26 Timing example for a 74190. 
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and the count enable input (CTEN) are used when cascading counters. (The topic 
of cascading counters is discussed later in this chapter.) Notice that this counter is 
implemented with master-slave flip-flops that are negative pulse-triggered. 

Figure 8-26 (p. 371) is an example timing diagram showing the 74190 counter 
preset to 7 (0111) and then going through a count-up sequence followed by a 
count-down sequence. The MAX/MIN output is HIGH when the counter is in 
either the all 0$ state (MIN) or the 1001 state (MAX). 


Minan ОЕ ES ee E 


SECTION 
REVIEW 
8-3 


8-4 


1. A four-bit up/down binary counter is in the down mode and in the 1010 state. 
On the next clock pulse, to what state does the counter go? 

2. What is the terminal count of a four-bit binary counter in the up mode? In the 
down mode? What is the next state after the terminal count in the down 
mode? 


A PROCEDURE FOR THE DESIGN OF SEQUENTIAL CIRCUITS 


This section may be omitted without affecting the flow of material in the re- 
mainder of the book. Inclusion of this material is recommended for those who 
need an introduction to counter design or state machine design in general. 

Before proceeding with a specific design technique, a general definition of a 
sequential circuit (state machine) is given: A general sequential circuit consists of 
a combinational logic section and a memory section (flip-flops) as shown in Figure 
8-27. In a clocked sequential circuit, there is a clock input to the memory section 
as indicated. 

The information stored in the memory section, as well as the inputs to the 
combinational logic (I4, I>, ..., Zm), is required for proper operation of the 
circuit. At any given time, the memory is ina state called the present state and will 
advance to a next state on a clock pulse as determined by conditions on the 


excitation lines (¥, Y2,..- , Ү,). The present state of the memory is represented 
by the state variables (OQ, Q2, - - -> Q,). These state variables, along with the 
inputs (/,, I, - . - » Zm), determine the system outputs 101105, ... Ол. 


Not all sequential circuits have input and output variables as in the general 
model just discussed. However, all have excitation variables and state variables. 
Counters are a special case of clocked sequential circuits. ín this section, а 
general design procedure for sequential circuits as applied to counters is pre- 
sented. 

In this procedure, a clocked sequential circuit is first described by a state 
diagram which shows the progression of states and input and output conditions, if 
any. Figure 8-28 is an example of a state diagram for a three-bit Gray code 
counter. The circuit has no inputs other than the clock and no outputs other than 
its internal state (outputs are taken off each flip-flop in the counter). 

Once the sequential circuit is defined by a state diagram, the second step is 
to derive a next-state table which lists each state of the counter (present state) 


Inputs 
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FIGURE 8-27 General clocked sequential circuit. 


FIGURE 8-28 State diagram 
for a three-bit Gray code 
counter. 


along with the corresponding next state. The next state is the state that the 
counter goes to from its present state upon application of a clock pulse. The next- 
state table is derived from the state diagram and is shown in Table 8-6 for the 
three-bit Gray code counter example. 

The third step is to develop a truth table that shows the flip-flop inputs 
required to make the counter go to its proper next state from each of its present 
states. If a flip-flop is RESET in its present state and must remain RESET in its 
next state, it can be in either a no-change or a RESET condition at the next clock 
pulse. This is indicated by NC/R (no-change or RESET). If a flip-flop is SET and 
must remain SET in its next state, it can be in either a no-change or a SET 
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TABLE 8-6 Next-state table 
for three-bit Gray code counter. Present State Next State 


condition on the next clock pulse. This is indicated by NC/S (no-change or SET). 
If a flip-flop is RESET and must go to the SET state, it can be in either a SET ога 
toggle condition on the next clock pulse. This is indicated by S/T (SET or toggle). 
If a flip-flop is SET and must go to the RESET state, it can be in either a RESET 
or a toggle condition on the next clock pulse. This is indicated by R/T (RESET or 
toggle). 

The truth table for the three-bit Gray code counter is shown in Table 8-7 
using J-K flip-flops. The X's represent don't care conditions (the variable can be 
either a 1 or a 0). 

Now let's see how the flip-flop inputs in Table 8-7 were determined. In the 
first row, Qc — 0 in the present state and remains 0 in the next state. Therefore, 


TABLE 8-7 Truth table for the three-bit Gray code counter. 


Flip-Flop Input 
Conditions 


OR Ou On|) С. FEB ENEFREA 


Flip-Flop Inputs 


Present State (present state) 


X = don't care (can be either 1 or 0). 
NC/R = no-change or RESET. 
NC/S = no-change or SET. 

R/T = RESET or toggle. 

S/T = SET or toggle. 
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FFC must be either in a no-change or a RESET condition. Thus, Ус must be 0, 
and Кс сап be either a 0 ora 1 (“don’t саге”); it does not matter because ЕЕС will 
remain RESET (Ос = 0) in either case. The same explanation applies to FFB. Qa 
must go from a 0 in its present state to a 1 in its next state. Therefore, FFA must be 
made either to SET or to toggle by making J, = 1 and K either a 0 ora 1. Similar 
reasoning applies to the development of the rest of the table. 

The fourth step is to transfer the information from the truth table to Kar- 
naugh maps in order to derive a simplified Boolean expression for each flip-flop 
input. This procedure is shown in Figure 8-29, which shows a present-state 
Karnaugh map for the J and the K inputs of each flip-flop. Zeros are not trans- 
ferred because only 1s are grouped with appropriate “don’t cares” (X s) to obtain 
each expression. 


Oc Or 


Qc Ов 


Oc Q5 


Qc бв 


Qs Q, Kc 
FIGURE 8-29 J and К maps for Table 8-7. 


In the fifth step, the 1s in the Karnaugh maps of Figure 8-29 are grouped 
with ‘‘don’t cares,” and the following expressions for the J and К inputs of each 
flip-flop are obtained: 

ЈА = ОсО» + ОсО» 
КА = QcQs + ОсО» 


Ус = 2504 : 
Кс = O50, ] 4 
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The final step is to implement the combinational logic from the equations 
and connect the flip-flops to form the sequential circuit. The complete three-bit 
counter is shown in Figure 8-30. 


Gray code 


FIGURE 8-30  Three-bit Gray code counter. 


A summary of steps used in the design of this counter is listed below. In 
general, these steps can be applied to any sequential circuit. 


1. 
2. 
3: 


Specify the sequential circuit and draw a state diagram. 

Derive a next-state table from the state diagram. 

Develop a truth table for the combinational logic required for the flip- 
flop inputs to make each flip-flop go to its proper next state from each of 
its present states. 

Transfer the information from the truth table to Karnaugh maps. There 
is a Karnaugh map for each input of each flip-flop. 

Factor the maps to generate an expression for each flip-flop input. 
Implement the expressions with combinational logic and combine with 


the flip-flops. 


This procedure is now applied to the design of another counter. 


EXAMPLE Develop 


a synchronous three-bit up/down counter with a Gray code sequence. 


8-5 The counter should count up when an up/down control input is 1 and count 
down when the control input is 0. 


Solution 


Step 1 The state diagram is shown in Figure 8-31. The 1 or 0 beside each 


arrow indicates the state of the up/down control input, Y. 
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FIGURE 8-31 State diagram 
for a three-bit upldown Gray 
code counter. 


\ 


Step 2 The next-state table is derived from the state diagram and is shown in 
Table 8-8. 


TABLE 8-8 Next-state table for three-bit up/down Gray code counter. 


Present State Next State 


Y = 0 (down) 
Qc Qs Q4 


Y = up/down control input. 


Step 3 The truth table for the flip-flop inputs is shown in Table 8-9. The 
control input, Y, is treated as a fourth variable along with the three 
present-state variables, Q4, Q5, and Qc- 
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TABLE 8-9 Truth table for three-bit.upldown Gray code counter. 


Flip-Flop Input 
(present state) 


* These conditions permit the flip-flop to go to the specified next state on the next clock pulse. — 
NC/R = no-change or RESET. 

NC/S = no-change or SET. 

R/T = RESET or toggle. 

S/T = SET or toggle. 


ў Step4 Тһе Karnaugh maps for the J and К inputs of the flip-flops are shown in 
Figure 8-32. As mentioned before, the control input Y is considered 
one of the variables. The information in the “Flip-Flop Input’ columns 
of Table 8-9 is transferred onto the maps as indicated. 
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ux] 


FIGURE 8-32 J and К maps for Table 8-9. 


Step 5 The Is are combined in the largest possible groupings using ‘‘don’t 
cares" (X's) where possible. The groups are factored, and the ex- 
pressions for each J and K input are as follóws: 

= ОсОвҮ + ОсО»Ү + QcQsY + Осбьу 
Кл = QcOQsY + ОсОвҮ + QcOsY + QcQaY 
Ув = QcQAY + QcQ4Y 
Кв = QcQ4Y + ОсОлҮ 
Jc = QnQ, Y + QsQAY 
Кс = QgQAY + Q5QAY 


Step 6 The J and К equations are implemented with combinational logic and 
the complete counter is shown in Figure 8-33. 
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FIGURE 8-33 Three-bit up/down Gray code counter. 


You have seen how sequential circuit design techniques can be applied 
specifically to counter design. In general, sequential circuits can be classified into 
two types: (1) those in which the output or outputs depend only on the present 
internal state (called Moore circuits) and (2) those in which the output or outputs 
depend on both the present state and the input or inputs (called Mealy circuits). 
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SECTION 
REVIEW 
8-4 


8-5 


1. Aflip-flop is presently т the RESET state and must go to the SET state on the 
next clock pulse. What must J and K be? 

2. A flip-flop is presently in the SET state and must remain SET on the next 
clock pulse. What must J and K be? 

3. A binary counter is in the 1010, state. 
(a) What is its next state? 
(b) What condition must exist on each flip-flop input to insure that it goes to 

the proper next state on the clock pulse? 


CASCADED COUNTERS 


Counters can be connected in cascade in order to achieve higher modulus opera- · 
tion. In essence, cascading means that the last stage output of one counter drives 
the input of the next counter. An example of two counters connected in cascade is 
shown for a two-bit and a three-bit ripple counter in Figure 8-34. The timing 
diagram is in Figure 8-35. 


CLK 


Modulus-4 counter Modulus-8 counter 


FIGURE 8-34 Two cascaded counters (all J, K inputs are HIGH). 


Notice that in the timing diagram of Figure 8-35, the final output of the 
modulus-8 counter, Ок, occurs once for every 32 input clock pulses. The overall 
modulus of the cascaded counters is 32; that is, they act as a divide-by-32 counter. 

In general, the overal! modulus of cascaded counters is equal to the prod- 
uct of each individual modulus. For instance, for the counter in Figure 8-34, 
4х8 = 32. 

When operating synchronous counters in a cascaded configuration, it is 
necessary to use the count enable and the terminal count functions to achieve 
higher modulus operation. On some devices, the count enable is labeled simply 
CTEN or some other similar designation, and termina! count (TC) is analogous to 
ripple clock or ripple carry output (RCO) on some IC counters. 


р 
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FIGURE 8-35 Timing diagram for the counter configuration of Figure 8-34. 


Figure 8-36 shows two decade counters connected in cascade. The terminal 
count (TC) output of counter 1 is connected to the count enable (CTEN) input of 
counter 2. Counter 2 is inhibited by the LOW on its CTEN input until counter 1 
reaches its last or terminal state and its terminal count output goes HIGH. This 
HIGH now enables counter 2, so that when the first clock pulse after counter 1 
reaches its terminal count (СЕК о), counter 2 goes from its initial state to its 
second state. Upon completion of the entire second cycle of counter 1 (when 
counter 1 reaches terminal count the second time), counter 2 is again enabled and 
advances to its next state. This sequence continues. Sinte these are decade 
counters, counter 1 must go through ten complete cycles before counter 2 com- 
pletes its first cycle. In other words, for every ten cycles of counter 1, counter 2 
goes through one cycle. Thus, counter 2 will complete one cycle after 100 clock 
pulses. The overall modulus of these two cascaded counters is 10 x 10 = 100. 

When viewed as a frequency divider, the circuit of Figure 8-36 divides the 
input clock frequency by 100. Cascaded counters are often used to divide a high- 
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FIGURE 8-36 А modulus-100 cascaded counter using two decade counters. 
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frequency clock signal to obtain highly accurate pulse frequencies. Cascaded 
counter configurations used for such purposes are sometimes called countdown 
chains. 

For example, suppose that we have a basic clock frequency of 1 MHz and 
we wish to obiain 100 kHz, 10 kHz, and 1 kHz; a series of cascaded counters can 
be used. If the 1-MHz signal is divided by 10, we get 100 kHz. Then if the 100-kHz 
signal is divided by 10, we get 10 KHz. Another division by 10 yields the 1-kHz 
frequency. The general implementation of this countdown chain is shown in 
Figure 8-37. 


TC CTEN 


CTR DIV 10 TC 


CTEN 
CTR DIV 10 


CTEN 
CTR DIV 10 


TC 


1 kHz 
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FIGURE 8-37 Three cascaded decade counters forming а divide-by-1000. 


EXAMPLE Determine the overall modulus of the two cascaded counter configurations in 
8-6 Figure 8-38. 


CTR DIV 8 | CTR DIV 12 CTR DIV 16 


(a) 


CTR DIV 10 CTR DIV 4 CTR DIV 7 CTR DIV 5 


(b) 


FIGURE 8-38 


Solutions 
(a) The overall modulus for the three-counter configuration is 


| 8 x 12 x 16 = 1536 
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(b) The modulus for the four counters is 


10x 4x 7 5 = 1400 


EXAMPLE Use 74LS160A counters to obtain a 10-kHz waveform from a 1-МН2 clock. 
8-7 Show the logic diagrain. 


Solution To obtain 10 kHz from a 1-MHz clock requires a division factor of 
100. Two 74LS160A counters must be cascaded as shown in Figure 8-39. The 
left counter produces an RCO pulse for every 10 clock pulses. The right 
counter produces an RCO pulse for every 100 clock pulses. 


D' (€ MB 7A BG BOA 


CTR DIV 10 


(15) 
RCO 10 KHz 


Ор Ос Ов Qi Qp Qs Qc О, 


FIGURE 8-39 А divide-by-100 counter using two 74LS160A decade counters. 


Cascaded IC Counters with Truncated Sequences 


The previous material has shown how to achieve an overall modulus (divide-by 
factor) that is the product of the individual moduli of all the cascaded counters. 
This can be considered full-modulus cascading. 

Often, an application requires an overall modulus that is less than that 
achieved by full-modulus cascading. That is, a truncated sequence must be 
implemented with cascaded counters. 

To illustrate this method, the cascaded counter configuration in Figure 8-40 
is used as an example. This particular circuit uses four 74LS161A four-bit binary 
counters. If these four counters (sixteen bits total) were cascaded in a full- 
modulus arrangement, the modulus would be 


216 = 65,536 


Let’s assume that a certain application requires а divide-by-40,000 counter 
(modulus 40,000). The difference between 65,536 and 40,000 is 25,536, which is 
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the number of states that must be deleted from the full-modulus sequence. The 
technique used in the circuit of Figure 8-40 is to preset the cascaded counter to 
25,536 (63С0 in hexadecimal) each time that it recycles so that it counts from 
25,536 up to 65,536 on each full cycle. Therefore, each full cycle of the counter 
consists of 40,000 states. 

Notice that the RCO output of the right-most counter is inverted and applied 
to the LOAD input of each four-bit counter. Each time the count reaches its 
terminal value of 65,536, RCO goes HIGH and causes the number on the data 
inputs (63C0,,) to be preset into the counter. Thus, there is one RCO pulse from 
the right-most four-bit counter for every 40,000 clock pulses. 

With this technique, any modulus can be achieved by simply presetting the 
counter to the appropriate initial state on each cycle. 
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SECTION 
REVIEW 
8-5 


8-6 


1. How many decade counters are necessary to implement a divide-by-1000 
(modulus-1000) counter? A divide-by-10,000? 

2. Show with general block diagrams how to achieve each of the following using 
a flip-flop, a decade counter, and a four-bit binary counter, or any combina- 
tion of these: 

(a) Divide-by-20 counter (b) Divide-by-32 counter 
(c) Divide-by-160 counter (d) Divide-by-320 counter 


COUNTER DECODING 


In many digital applications it is necessary that some or all of the counter states be 
decoded. The decoding of a counter involves using decoders or logic gates to 
determine when the counter is in a certain state or states in its sequence. For 
instance, the terminal count function previously discussed is a single state (the last 
state) in the counter sequence. 


HIGH 


1 = decoded 6 
FIGURE 8-41 Decoding of count 6. 
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For example, suppose that we wish to decode count 6 (110) of a three-bit 
binary counter. This can be done as shown in Figure 8-41. When Ос = 1, Оз = 1, 
and Q, = 0, a HIGH appears on the output of the decoding gate, indicating that 
the counter is at count 6. This is called active-HIGH decoding. Replacing the 
AND gate with a NAND gate provides active-LOW decoding. 


EXAMPLE Implement the decoding of state 2 and state 7 of a three-bit synchronous 
8-8 counter. Show the entire counter timing diagram and the output waveforms of 


the decoding gates. Binary 2 = ОсОвОд, and binary 7 = ОсОвОд. 


Solution See Figure 8-42. 


Decoded 
outputs 


FIGURE 8-42 A divide-by-8 counter with active-HIGH decoding of count 2 and 
count 7. 
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Decoding Glitches 


The problem of glitches produced by the decoding process was introduced in 
Chapter 6. As you have learned, the propagation delays due to the ripple effect in 
asynchronous counters create transitional states in which the counter outputs are 
changing at slightly different times. These transitional states produce undesired 
voltage spikes of short duration (glitches) on the outputs of a decoder. The glitch 
problem can also occur to some degree with synchronous counters because the 
propagation delays from clock to Q outputs of each flip-flop in a counter can vary 
slightly. As an example of the glitch problem in counter decoding, Figure 8-43 
shows a basic asynchronous BCD counter connected to a BCD-to-decimal de- 
coder. 


BCD/DEC 


CLK 


0 
1 
2 
3 
4 
5 
6 
7 
8 
9 


FIGURE 8-43 A basic decade (BCD) counter and decoder. 


To see what happens in this case, we will look at a timing diagram in which 
the propagation delays are taken into account, as in Figure 8-44. Notice how 
these delays cause false states of short duration. The decimal value of the false 
binary state at each critical transition is indicated on the diagram. The resulting 
glitches can be seen on the decoder outputs. 

One way to eliminate the glitches is to enable the decoded outputs at a time 
after the glitches have had time to disappear. This method is known as strobing 
and can be accomplished in this case by using the LOW level of the clock to 
enable the decoder, as shown in Figure 8-45. The resulting improved timing 
diagram is shown in Figure 8-46. 
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FIGURE 8-44 Outputs with glitches from the decoder in Figure 8-43. 
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FIGURE 8-45 The basic decade counter and decoder with strobing to eliminate 
glitches. 
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FIGURE 8-46 Strobed decoder outputs for the circuit of Figure 8-45. 


SECTION 1. What transitional states are possible when an asynchronous four-bit binary 
REVIEW counter changes from 
8-6 (a) Count 2 to count 3 (b) Count 3 to count 4 


(c) Count 10, to count 11,0 (d) Count 15 to count 0 


8-7 COUNTER APPLICATIONS 


The digital counter is a very useful and versatile device that is found in many 
applications. In this section, some representative counter applications are pre- 
sented. 


The Digital Clock 


А very common example of a counter application is in timekeeping systems. 
Figure 8-47 is a simplified logic diagram of a digital clock that displays seconds, 
minutes, and hours. 
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First, a 60-Hz sinusoidal ac voltage is converted to a 60-Hz pulse waveform 
and divided down to a 1-Hz pulse waveform by a divide-by-60 counter formed by 
a divide-by-10 counter followed by a divide-by-6 counter. Both the seconds and 
minutes counts are also produced by divide-by-60 counters, the details of which 
are shown in Figure 8-48. These counters count from 0 to 59 and then recycle to 0; 
74LS160A synchronous decade counters are used in this particular implementa- 
tion. Notice that the divide-by-6 portion is formed with a decade counter with a 
truncated sequence achieved by using the decoded count 6 to asynchronously 
clear the counter. The terminal count of 5 is also decoded to enable the next 
counter in the chain. 


CTR DIV 10 


СТ = 5 
TO ENABLE 


Ор Ос Ов A Ор Ос Ов Q tiu of next CTR 
des НН) ых 
FIGURE 8-48 Logic diagram of typical divide-by-60 counter using 74LS160A syn- 
chronous decade counters. 


The hours counter is implemented with a decade counter and a flip-flop as 
shown in Figure 8-49. Consider that initially both the decade counter and the flip- 
flop are RESET, and the decode-12 gate output is HIGH. The decade counter 
advances from 0 to 9, and as it recycles from 9 back to 0, the flip-flop is toggled to 
the SET state by the HIGH-to-LOW transition of Qp. This illuminates а 1 on the 
tens-of-hours display. The total count is now 10,9 (the decade counter is in the 0 
state and the flip-flop is SET). 

Next, the total count advances to 11,9 and then to 12. In state 12, the Ов 
output of the decade counter is HIGH, the flip-flop is still SET, and thus the 
decode gate output is LOW. This activates the LOAD input of the decade 
counter. On the next clock pulse, the decade counter is preset to state 1 by the 
data inputs, and the flip-flop is RESET (J = 0, K = 1). As you can see, this logic 
always causes the counter to recycle from 12 back to 1 rather than back to 0. 


Auto Parking Control 


Now a simple application example illustrates the use of an up/down counter to 
solve an everyday problem. The problem is to devise a means of monitoring 
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FIGURE 8-49 Logic diagram for hours counter and decoders. 


available spaces in a 100-space parking garage and provide for an indication of a 
full condition by illuminating a display sign and lowering a gate bar at the 


entrance. 
A system that solves this problem consists of (1) optoelectronic sensors at 


the entrance and exit of the garage, (2) an up/down counter and associated 
circuitry, and (3) an interface circuit that takes the counter output to turn the full 
sign on or off as required and lower or raise the gate bar at the entrance. A general 


block diagram of this system is shown in Figure 8-50. 
Full 
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FIGURE 8-50 Functional block diagram for parking garage control. 
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A logic diagram of the up/down counter is shown in Figure 8-51. It consists 
of two cascaded 74190 up/down decade counters. The operation is as follows: 


CTR DIV 10 
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(to interface) 
HIGH activates 
FULL sign and 
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FIGURE 8-51 Logic diagram for modulus-100 up/down counter for auto parking control. 


The counter is initially preset to 0. Each automobile entering the garage 
breaks a light beam, activating a sensor that produces an electrical pulse. This 
positive pulse SETS the S-R latch on its leading edge. The LOW on the Q output 
of the latch puts the counter in the UP mode. Also, the sensor pulse goes through 
the OR gate and clocks the counter on the HIGH-to-LOW transition of its trailing 
edge. Each time an automobile enters the garage, the counter is advanced by 1 
(incremented). When the one-hundredth automobile enters, the counter goes to its 
last state (100,5). The MAX/MIN output goes HIGH and activates the interface 
circuit (no detail), which lights the full sign and lowers the gate bar to prevent 
further entry. 

When an automobile exits, an optoelectronic sensor produces a positive 
pulse which RESETS the S-R latch and puts the counter in the DOWN mode. The 
trailing edge of the clock decreases the count by 1 (decremented). 

If the garage is full and an automobile leaves, the MAX/MIN output of the 
counter goes LOW, turning off the full sign and raising the gate. 


Parallel-to-Serial Data Conversion (Multiplexing) 


A simplified example of data transmission using multiplexing and demultiplexing 
techniques was introduced in Chapter 6. Essentially, the parallel data bits on the 
multiplexer inputs were converted to serial data bits on the single transmission 
line. A group of bits appearing simultaneously on parallel lines is called parallel 
data. A group of bits appearing on a single line in a time sequence is called serial 
data. 

Parallel-to-serial conversion is normally accomplished using a counter to 
provide a binary sequence for the data-select inputs of a data selector/multiplexer 
as illustrated in Figure 8-52. The Q outputs of the modulus-8 counter are con- 
nected to the data-select inputs of an eight-bit multiplexer. Figure 8-53 is a timing 
diagram illustrating the operation of this circuit. 
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FIGURE 8-53 Example of parallel-to-serial conversion timing. 
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The first byte of parallel data is applied to the multiplexer inputs. (A byte is 
an eight-bit group.) As the counter goes through a binary sequence from 0 to 7, 
each bit beginning with D, is sequentially selected and passed through the multi- 
plexer to the output line. After eight clock pulses, the data byte has been con- 
verted to a serial format and sent out on the transmission line. When the counter 
recycles back to 0, the next byte is applied to the data inputs and is sequentially 
converted to serial form as the counter cycles through its eight states. This 
process continues repeatedly as each parallel byte is converted to a serial byte. An 
end-of-chapter problem requires that this circuit be implemented with specific 
devices 


SECTION 1. Explain the purpose of the NAND gate in Figure 8-49. 


REVIEW 2. Identify the two recycle conditions for the hours counter in Figure 8-47, and 
8-7 explain the reason for each. 
8-8 LOGIC SYMBOLS WITH DEPENDENCY NOTATION 


Up to this point, the logic symbols with dependency notation as specified in 
ANSI/IEEE Std. 91-1984 have been introduced on a limited basis. In many cases, 
the new symbols do not deviate greatly from the traditional symbols. A significant 
departure from what we are accustomed to does occur, however, for some 
devices, including counters and other more complex devices. 

Dependency notation is fundamental to the new ANSI/IEEE standard. 
Dependency notation is used in conjunction with the logic symbols to specify the 
relationships of inputs and outputs so that the logical operation of a given device 
can be determined entirely from its logic symbol without a prior knowledge of the 
details of its internal structure and without a detailed logic diagram for reference. 
Dependency notation was introduced in relation to specific flip-flops in Chapter 7. 

Although we will continue to use primarily the more traditional and familiar 
symbols throughout this book, a brief coverage of logic symbols with dependency 
notation is provided in this section to prepare you for a projected increase in usage 
of these symbols in the future. This section can be treated as optional, and its 
omission will not affect the remainder of the book. 

The 74LS163A four-bit binary counter is used for illustration. For com- 
parison, Figure 8-54 shows a traditional block symbol and the ANSI/IEEE 
symbol with dependency notation. Basic descriptions of the symbol and the 
dependency notation follow. 


Common Control Block 


The upper block with notched corners in Figure 8-54(b) has inputs and an output 
that are considered common to all elements in the device and not unique to any 
one of the elements. 
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(a) Traditional block ‘symbol 
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(b) ANSUIEEE Std. 91-1984 logic symbol 


FIGURE 8-54 The 74LS163A four-bit synchronous counter. 
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The lower block, which is partitioned into four abutted sections, represents the 
four storage elements (D flip-flops) in the counter with inputs A, B, C, and D and 


outputs Од, Og, Ос, and Ор. 


Qualifying Symbol 


“СТВ DIV 16" identifies the device as a counter (CTR) with sixteen states 


(DIV 16). 
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C (Control) Dependency 


The letter C denotes control dependency. Control inputs usually enable or disable 
the data inputs (D, J, K, S, and R) of a storage element. The C input is usually the 
clock input. In this case, the digit 5 following С (C5/2,3,4 +) indicates that 
the inputs labeled with a 5 prefix are dependent on the clock (synchronous with 
the clock). For example, SCT = 0 on the CLR input indicates that the clear 
function is dependent on the clock; that is, it is a synchronous clear. When the 
СЕВ три is LOW (0), the counter is reset to 0 (CT = 0) on the triggering edge of 
the clock pulse. Also, the 5D label at the input of storage element [1] indicates that 
the data storage is dependent on (synchronous with) the clock. All labels in the [1] 
storage element apply to the [2], [4], and [8] elements below it, since they are not 
labeled differently. 


M (Mode) Dependency 


The letter M denotes mode dependency. This is used to indicate how the functions 
of various inputs or outputs depend on the mode in which the device is operating. 
In this case, the device has two modes of operation. When the LOAD input is 
LOW (0), as indicated by the bubble input, the counter is in a preset mode (M!) т 
which the input data (A, B, C, and D) are synchronously loaded into the four flip- 
flops. The digit 1 following M in М1 and the 1 in 1,5D shows a dependency 
relationship and indicates that input data are stored only when the device is in the 
preset mode (М1) in which LOAD = 0. When the LOAD input is HIGH (1), as 
indicated by the nonbubble input, the counter advances through its normal binary 
sequence as indicated by M2 and the 2 in C5/2,3,4 + . 


G (AND) Dependency 


The letter G denotes AND dependency, indicating that an input designated with G 
followed by a digit is ANDed with any other input or output having the same digit 
as a prefix in its label. In this particular example, the G3 at the ENT input and the 
ЗСТ = 15 at the RCO output are related as indicated by the 3, and that rela- 
tionship is an AND dependency as indicated by the G. This tells us that ENT must 
be HIGH (no bubble on the input) AND the count must be fifteen (CT — 15) for 
the RCO output to be HIGH (no bubble on output). 

Also, the digits 2, 3, and 4 in the label C5/2,3,4-- indicate that the counter 
advances through its states when LOAD = 1, as indicated by the mode depen- 
dency label M2, and when ENT = 1 AND ENP = 1, as indicated by the AND 
dependency labels G3 and G4. The + indicates that the counter advances by one 
count when these conditions exist. 

This coverage of a specific logic symbol with dependency notation is 
intended to aid in the interpretation of other such symbols that you may encounter 
in the future. 
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SUMMARY 


In dependency notation, what do the letters C, M, and G stand for? 
By what letter is data storage denoted? 


ES 


o 


оа 


КЕ ЕДЕ 


SELF-TEST 


An asynchronous counter is one in which the flip-flops are not simultaneously trig- 
gered. Each flip-flop (after the least significant stage) is clocked by the output of the 
preceding one. 

Asynchronous counters are also called ripple counters. 

A synchronous counter is one in which all the flip-flops are simultaneously triggered 
from the same clock input. 

Asynchronous counters are slower (have a lower maximum frequency) than syn- 
chronous counters because of the ripple clocking delay. Any individual flip-flop must 
wait for all the preceding flip-flops to change before it can change. 

The modulus of a counter is the number of states in its sequence. The ''divide-by" 
factor is the same as the modulus. 

A full-modulus counter has 2” states, where n is the number of flip-flops. 

Counters with truncated sequences have modulus numbers less than 2". 

А decade counter has ten states. 

The total modulus of a cascaded counter arrangement is the product of the individual 
moduli of all the cascaded counters. 

AND gates and NAND gates can be used to decode each state of a counter. 
Glitches at the outputs of decoders are caused by the counter's transitional states. 
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1. 


2. 


What is the reason for the difference between asynchronous and synchronous counter 
performance? 

What is the primary disadvantage of an asynchronous counter? 

What is the maximum modulus for a counter with each of the following numbers of 
flip-flops? 

(a) 2 (b) 4 (с) 5 (9) 6 (e) 7 (f) 8 

Determine the number of flip-flops in each of the following counters: 

(а) Modulus-3 (b) Modulus-8 (c) Modulus-12 

(d) Modulus-16 (e) Modulus-18 (f) Modulus-36 

(g) Modulus-6ó4 (h) Modulus-144 . 

A four-bit asynchronous (ripple) counter consists of flip-flops each of which has a 
clock to Q propagation delay of 12 ns. How long does it take the counter to recvcle 
from 1111 to 0000 after the triggering edge of the clock pulse? 

Repeat Problem 5 for a synchronous counter. 
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7. Explain how a BCD decade counter can be used as a divide-by-10 device, and 
illustrate it with a timing diagram. 

8. A decade counter does not use its maximum possible modulus, so there are several 
invalid states. List these states. 

9. A74LS163A four-bit synchronous counter is in the 1010 state, and the following input 
conditions exist: CLR = 1, LOAD = 0,A = 1,В = 0,С = 1,р = 0, ENT = 1, and 
ENP = 1. To what state does the counter go on the next clock pulse? 

10. A four-bit binary up/down counter (modulus-16) is in the binary state of 0. What is its 
next state in the up mode? In the down mode? 

11. A flip-flop is in the RESET state and must stay RESET at the next clock pulse. What 
must J and K be? 

12. With general block diagrams, show how to obtain the following frequencies from a 
10-MHz clock using single flip-flops, modulus-5 counters, and decade counters: 
(a) 5 MHz (b) 2.5 MHz (c) 2 MHz (d 1 MHz (e) 500 kHz 
(f) 250 kHz (g) 62.5 kHz (h) 40 kHz () 10 kHz (0) 1 kHz 

13. Show how to decode the following states of a four-bit binary counter using active- 
LOW decoding: 
(a) 1 (b S (© 10 @ 14 

14, In Figure 8-49, explain how the recycle to count 1 is accomplished. 

15. Ifthe clock frequency is 10 kHz in Figure 8-52, how long does it take for two bytes to 
be transmitted in serial form? 


PROBLEMS 


Section 8-1 
8-1 For the ripple counter shown in Figure 8-55, draw the complete timing diagram for 
eight clock pulses showing the clock, Q,, and Q, waveforms. 


HIGH 


FIGURE 8-55 


8-2 For the ripple counter in Figure 8-56, draw the complete timing diagram for sixteen 
clock pulses. Show the clock, Q,, Og, and Qc waveforms. 


CLK 
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HIGH 


CLK 
FIGURE 8-56 

8-3 In the counter of Problem 8-2, assume that each flip-flop has a propagation 
delay from the triggering edge of the clock to a change in the Q output of 8 ns. 
Determine the worst-case (longest) delay time from a clock pulse to the arrival of the 
counter in a given state. Specify the state or states for which this worst-case delay 
occurs. 

8-4 Show how to connect a 7493A four-bit asynchronous counter for each modulus 
below: 
(a) 9 (b) и (с) 13 (d) 14 (е) 15 

Section 8-2 

8-5 If the counter of Problem 8-3 were synchronous rather than asynchronous, what 
would be the longest delay time? 

8-6 Draw the complete timing diagram for the five-stage synchronous binary counter in 


Figure 8-57. Verify that the waveforms of the Q outputs represent the proper binary 
number after each clock pulse. 


FIGURE 8-57 
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8-7 


CLK 


8-9 


By analyzing the J and K inputs to each flip-flop prior to each clock pulse, prove that 
the decade counter in Figure 8-58 progresses through a BCD sequence. Explain how 
these conditions in each case cause the counter to go to the next proper state. 


The waveforms in Figure 8-59 are applied to the count enable, clear, and clock 
inputs as indicated. Sketch the counter output waveforms in proper relation to these 
inputs. The clear input is asynchronous. 


CTEN J | J ] CTEN CTR DIV 16 
ex PLL LEETE CER [cC 
CLR 


Ор Ос Ов A 
FIGURE 8-59 


A BCD decade counter is shown in Figure 8-60. The waveforms are applied to the 
clock and clear inputs as indicated. Determine the waveforms for each of the 


counter outputs (Од, Og, Ос, and Ор). The clear is synchronous, and the counter is 
initially in the 1000, state. 
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8-11 
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The waveforms in Figure 8-61 are applied toa 74LS163A counter. Determine the Q 
outputs and RCO. The inputs are A = 1, В = 1, С = 0, and D = 1. 
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FIGURE 8-61 


The waveforms in Figure 8-61 are applied to a 74LS160A counter. Determine the Q 
outputs and RCO. The inputs are А = 1, B = 0, = 0, and D = 1. 


Section 8-3 


8-12 


Draw a complete timing diagram for a three-bit up/down counter that goes through 
the following sequence. Indicate when the counter is in the up mode and when it is in 
the down mode. Assume positive edge-triggering. 


ООЗ 2, 12.3.4145 OAD, 1,0 
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8-13 Sketch the О output waveforms for a 74190 up/down counter with the input wave- 
forms shown in Figure 8-62. A binary 0 is on the data inputs. 
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FIGURE 8-62 


Section 8-4 
8-14 Determine the sequence of the counter in Figure 8-63. 


CLK 
FIGURE 8-63 


8-15 Determine the sequence of the counter in Figure 8-64. Begin with the counter 
cleared. 


CLK 


FIGURE 8-64 
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8-16 Design a counter to produce the following sequence. Use J-K flip-flops. 


Clock Pulse 


8-17 Design a counter to produce the following sequence. Use J-K flip-flops. 


Clock Pulse 


8-18 Design a counter to produce the following sequence. Use J-K flip-flops. 


Clock Pulse 


8-19 Analyze the counter in Figure 8-63 for а ‘lock-up’ condition in which the counter 
cannot escape from an invalid state or states. An invalid state is one that is not in the 
counter’s normal sequence. 
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Section 8-5 


8-20 


8-21 


8-22 
8-23 
8-24 


For each of the cascaded counter configurations in Figure 8-65, determine the 
frequency of the waveform at each point indicated by circled numbers, and deter- 
mine the overall modulus. 
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FIGURE 8-65 


Expand the counter in Figure 8-37 to create a divide-by-10,000 counter and a divide- 
by-100,000 counter. 


Design a modulus-1000 counter using 74LS160A decade counters. 
Modity the design of the counter in Figure 8-40 to achieve a modulus of 30,000. 
Repeat Problem 8-23 for a modulus of 50,000. 


Section 8-6 


8-25 


8-26 


8-27 


8-28 


Given a BCD decade counter with only the Q outputs available, show what decoding 
logic is required to decode each of the following states and how it should be 
connected to the counter. A HIGH output indication is required for each decoded 
state. The MSB is to the left. 

(a) 0001 (b) 0011 (c) 0101 (d) Olli (е) 1000 

For the four-bit binary counter connected co the decoder in Figure 8-66, determine 
each of the decoder output waveforms in relation to the clock pulses. 

If the counter in Figure 8-66 is asynchronous, determine where the decoding 
glitches occur on the decoder output waveforms. 


Modify the circuit in Figure 8-66 to eliminate decoding glitches. 
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Section 8-7 


8-29 Modify the digital clock in Figures 8-47, 8-48, and 8-49 so that it can be preset to 
any desired time. 

8-30 Design an alarm circuit for the digital clock that can detect a predetermined time 
(hours and minutes only) and produce a signal to activate an audio alarm. 

8-31 Modify the circuit in Figure 8-51 for a 1000-space parking garage and а 3000-space 
parking garage. 

8-32 Implement the parallel-to-serial data conversion logic in Figure 8-52 with specific 
devices. 
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Section 8-1 
1, Each flip-flop after the first one is clocked by the output of the preceding flip-flop. 


2. 14 
Section 8-2 


1. АН flip-flops in a synchronous counter are clocked simultaneously. 
2. The counter can be preset (initialized) to any given state. 
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3. Counter is enabled when ENP and ENT are both HIGH. RCO goes HIGH when final 
state in sequence is reached. 


Section 8-3 
1. 1001 2. 1111, 0000, 1111 


Section 8-4 
1. J = 1, К = X (don't care) 2. J = X (don't care), К = 0 
3. (а) 1011, 
(b) D(MSB): NC or SET. C: NC or RESET. B: NC or SET. A (LSB): SET or toggle. 


Section 8-5 
1. n = 10; п = 14 
2. (a) Flip-flop and DIV 10. (b) Flip-flop and DIV 16. 
(с) DIV 16 and DIV 10. (d) DIV 16 and DIV 10 and flip-flop. 


Section 8-6 

1. (a) None, because there is a single bit change. 
(b) 0010,, 0000,. 
(с) None, because there is а single bit change. 
(d) 1110), 1100,, 1000,. 


Section 8-7 

1. Decodes count 12 to preset counter to 0001. 

2. The decade counter advances from 0 to 9, and as it recycles from 9 back to 0, the flip- 
flop is toggled to the SET state. This produces a ten (10) on the display. In state 12, the 
decode NAND gate causes the decade counter to preset to 1. The flip-flop RESETS. 
This results in a one (01) on the display. 


Section 8-8 
1. C: Control, usually clock. M: mode. G: AND. 
2. D 


Shift registers are a type of sequential logic cir- 
cuit closely related to counters. They are used 
basically for the storage and movement of digital 
data and, typically, do not possess a charac- ў 
_ teristic internal sequence as do counters. 

In this chapter, the basic types of shift reg- 
isters are studied and several applications are _ 
presented. Also, a new troubleshooting method is 
introduced. 

Specific devices introduced in this chapter 
are as follows: 


1. 7491A eight-bit serial shift register 
2. 74164 eight-bit parallel out serial shift 
register 
_ 3. 74165 eight-bit parallel load shift regis- 
PGE ter 
4. 74195 four-bit parallel access shift regis- 
ter у 4 
5. 74194 four-bit bidirectional universal 
Shift register - 
6. 74199 eight-bit bidirectional universal 
^. shift register 


эе шс ш ET om Б ма фа ы а oOo оа 


а 


In this chapter, you will learn 


How a register stores data. 

The basic forms of data movement in shift 
registers. 

How data movement is controlled. 

How serial in-serial out, serial in-parallel 
out, parallel in-serial out, and parallel in- 
parallel out shift registers operate. 

How a bidirectional shift register operates. 
How a Johnson counter produces its charac- 
teristic sequence. 

How a ring counter operates. 

How a shift register can be used as a time- 
delay device. 

How to construct a ring counter from a shift 
register. 

How shift registers can be used to implement 
a serial-to-parallel data converter. 

The basic operation of a universal asynchro- 
nous receiver transmitter (UART). 

How а basic shift-register-controlled key- 
board encoder operates. . 

How to troubleshoot digital systems by “‘ex- 
ercising"" the system with a known test 
pattern. 

How shift registers can be represented by the 
ANSV/IEEE Std. 91-1984 symbols with de- 
pendency notation. 
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SHIFT REGISTER FUNCTIONS 


Shift registers are very important in applications involving the storage and trans- 
fer of data in a digital system. The basic difference between a register and a 
counter is that a register has no specified sequence of states except in certain very 
specialized applications. A register, in general, is used solely for storing and 
shifting data (1s and 05) entered into it from an external source and possesses no 
characteristic internal sequence of states. 

The storage capability of a register is one of its two basic functional charac- 
teristics and makes it an important type of memory device. Figure 9-1 illustrates 
the concept of "storing" a 1 or a 0 in a flip-flop. A 1 is applied to the input as 
shown, and a clock pulse is applied that stores the 1 by setting the flip-flop. When 
the Гоп the input is removed, the flip-flop remains in the SET state, thereby 
storing the 1. The same procedure applies to the storage of a 0, as also illustrated 
in Figure 9-1. 


> 
за 1 


| | [> С О becomes а 1 when CLK occurs, 
CLK 


or remains a 1 if already in 
that state. 


0 is stored. 


CLK 
Q becomes a 0 when CLK occurs, 
or remains a 0 if already in 

that state. 


FIGURE 9-1 The flip-flop as a storage element. 


The storage capacity of a register is the number of bits (1s and 0s) of digital 
data it can retain. Each stage of a shift register represents one bit of storage 
capacity, and therefore the number of stages in a register determines its total 
storage capacity. 
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Registers are commonly used for the temporary storage of data within a 
digital system. Registers are implemented with flip-flops or other storage devices 
to be introduced later. The shift capability of a register permits the movement of 
data from stage to stage within the register or into or out of the register upon 
application of clock pulses. Figure 9-2 shows symbolically the types of data 
movement in shift register operations. The block represents any arbitrary four-bit 
register, and the arrow indicates the direction and type of data movement. 


(a) Serial shift right, then out. (b) Serial shift left, then out. 
Data bits 
ИГЕ ПИН; 
мы Ай 
ТИҢ Data bits 
(c) Parallel shift in. (d) Parallel shift out. 
e) Rotate right. (f) Rotate left. 


FIGURE 9-2 Basic data movement in registers. 


1. Generally, what is the difference between a counter and a shift register? 
2. What two principal functions are performed by a shift register? 


SERIAL IN-SERIAL OUT SHIFT REGISTERS 


This type of shift register accepts data serially—that is, one bit at a time on a 
single line. It produces the stored information on its output also in serial form. Let 
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us first look at the serial entry of data into a typical shift register with the aid of 
Figure 9-3, which shows a four-bit device implemented with D flip-flops. 


Data output 


Data output 


FIGURE 9-3 Serial in-serial out shift register. 


With four stages, this register can store up to four bits of data; its storage 
capacity is four bits. We will illustrate the entry of the four-bit binary number 1010 
into the register, beginning with the right-most bit. The 0 is put onto the data input 
line, making D = 0 for FFA. When the first clock is applied, FFA is RESET, thus 
"storing" the 0. Next the 1 is applied to the data input, making D = 1 for FFA and 
D = 0 for FFB because D of FFB is connected to the Q, output. 

When the second clock pulse occurs, the 1 on the data input is ‘‘shifted’’ into 
FFA because FFA SETS, and the 0 that was in FFA is “shifted’’ into FFB. The 
next 0 in the binary number is now put onto the data-input line, and a clock pulse 
is applied. The 0 is entered into FFA, the 1 stored in FFA is shifted into FFB, and 
the 0 stored in FFB is shifted into FFC. The last bit in the binary number, a 1, is 
now applied to the data input, and a clock pulse is applied. This time the 1 is en- 
tered into FFA, the 0 stored in FFA is shifted into FFB, the 1 stored in FFB is 
shifted into FFC, and the 0 stored in FFC is shifted into FFD. This completes the 
serial entry of the four-bit number into the shift register, where it can be stored for 
any length of time. Figure 9-4 illustrates each step in the shifting of the four bits 
into the register. 

If we want to get the data out of the register, they must be shifted out serially 
and taken off the Ор output. After CLK, in the data-entry operation described 
above, the right-most 0 in the number appears on the Q, output. When clock 
pulse CLK; is applied, the second bit appears on the O, output. CLK, shifts the 
third bit to the output, and CLK, shifts the fourth bit to the output, as illustrated in 
Figure 9-5. Notice that while the original four bits are being shifted out, a new 
four-bit number can be shifted in. All 0s are shown being shifted in. 
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input Qp 


Register initially 
CLEAR 


CLK 


Ist data bit = 0 Qp 


Ев 


CLK, 


After CLK, 


2nd data bit = 1 


zm 


CLK, 


3rd data bit = 0 


ee 


After CLK3 


Qp 


4th data bit = 1 


EU 


CLK, 


After CLK;, the four-bit 
number is completely 
stored in register. 


FIGURE 9-4 Four bits (1010) being serially entered into the register. 
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Ist data bit 


2nd data bit 


3rd data bit 


4th data bit 


FIGURE 9-5 Four bits (1010) being serially shifted out of the register. 
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EXAMPLE Show the states of the five-bit register in Figure 9-6(a) for the specified data 
9-1 input and clock waveforms. Assume that the register is initially cleared (all 0s). 


Data output 


| | | 
Den 1 
ata input T TI т 1 0 | Data stored 
| | | | | after five 
| | АА D V. pulses 


Qs 
FIGURE 9-6 


Solution See Figure 9-6(b). 
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The 7491A Eight-Bit Shift Register 


The 749iA is an example of an IC serial in-serial out shift register. The logic 
diagram is shown in Figure 9-7(a). As you can see, S-R flip-flops are used to 
implement this device. There are two gated data-input lines, A and B, for serial 
data entry. When data are entered on A, the B input must be HIGH, and vice 
versa. The serial data output is О,,, and its complement is Orn 

A traditional logic block symbol is shown in Figure 9-7(b). The “SRG 8" 
designation means a shift register (SRG) with an eight-bit capacity. 


SECTION 
REVIEW 
9-2 


9-3 


1. Draw the logic diagram for the register in Figure 9-3 using J-K flip-flops to 
replace the D flip-flops. 

2. How many clock pulses are required to serially enter a byte of data into an 
eight-bit shift register? 


SERIAL IN-PARALLEL OUT SHIFT REGISTERS 


Data bits are entered into this type of register in the same manner as discussed in 
the last section, that is, serially. The difference is the way in which the data bits 
are taken out of the register; in the parallel output register, the output of each 
Stage is available. Once the data are stored, each bit appears on its respective 
output line and all bits are available simultaneously, rather than on a bit-by-bit 


Data input 


CLK 


Qi Qn Qc Qp 


Data input 


CLK 


Qı Ов Qc Qp 
FIGURE 9-8 А serial in-parallel out shift register. 
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basis as with the serial output. Figure 9-8 shows a four-bit serial in-parallel out 
register and its logic block symbol. 


Show the states of the four-bit register for the data input and clock waveforms 
in Figure 9-9(a). The register initially contains all 15. 


Data in 


Ор Ос Ов О, 


FIGURE 9-9 


Solution The register contains 0110 after four clock pulses. See Figure 9-9(b). 


The 74164 Eight-Bit Serial In-Parallel Out Shift Register 


The 74164 is an example of an IC shift register having serial in-parallel out 
operation. The logic diagram is shown in Figure 9-10(a), and a typical logic block 
symbol is shown in part (b). Notice that this device has two gated serial inputs, A 
and B, and a clear (CLR) input that is active-LOW. The parallel outputs are Q4 
through О. 

An example timing diagram for the 74164 is shown in Figure 9-11. Notice 
how the serial input data on A are shifted into and through the register after B goes 
HIGH. 


IA CRM >. о 


SECTION 
REVIEW 
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1. The binary number 1101 is serially entered (right-most bit first) into a four-bit 
parallel out shift register that is initially clear. What are the Q outputs after 
two clock pulses? 

2. How can a serial in-parallel out register be used as a serial in-serial out 
register? 
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LR | 
Serial A 
Inputs B | 
| 
CLK 


Outputs 


(Qu 


Clear Clear 


FIGURE 9-11 Example timing diagram for a 74164 shift register. 


PARALLEL IN-SERIAL OUT SHIFT REGISTERS 


For a register with parallel data inputs, the bits are entered simultaneously into 
their respective stages on parallel lines rather than on a bit-by-bit basis on one line 
as with serial data inputs. The serial output is executed as described in Section 9-2 
once the data are completely stored in the register. 

Figure 9-12 illustrates a four-bit parallel in-serial out register. Notice that 
there are four data-input lines, A, B, C, and D, and a SHIFT/LOAD input that 
allows four bits of data to be entered in parallel into the register. When 
SHIFT/LOAD is LOW, gates G, through С, are enabled, allowing each data bit to 
be applied to the D input of its respective flip-flop. When a clock pulse is applied, 
the flip-flops with D — 1 will SET and those with D — 0 will RESET, thereby 
storing all four bits simultaneously. 

When SHIFT/LOAD is HIGH, gates G, through G, are disabled and gates 
С. through Gg are enabled, allowing the data bits to shift right from one stage to 
the next. The OR gates allow either the normal shifting operation or the parallel 
data-entry operation, depending on which AND gates are enabled by the level on 
the SHIFT/LOAD input. 
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SHIFT/LOAD 


CLK 


Data out 


(b) Logic symbol 


FIGURE 9-12 A four-bit parallel in-serial out shift register. 


EXAMPLE Show the data-output waveform for a four-bit register with the parallel input 


9-3 data and clock waveform given in Figure 9-13(a) on p. 424. Refer to Figure 
9-12 for the logic diagram. 


Solution On clock pulse 1, the parallel data (1010) are loaded into the register, 
making Ора 0. On clock pulse 2, the 1 from Qc is shifted onto Qp; on clock 
pulse 3, the 0 is shifted onto Ор; on clock pulse 4, the next 1 is shifted onto О; 
and on clock pulses 5 and 6, all data bits have been shifted out and only 0s 
remain in the register because no new data have been entered. See Figure 


9-13(b). 
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SHIFT/LOAD 
Data out (Ор) 


| | | | 


nis Set | 
SHIFT/LOAD A a не 3. 3 
| | | | | 


(b) Data out (Ор) | | | | | 


FIGURE 9-13 


The 74165 Eight-Bit Parallel Load Shift Register 


The 74165 is an example of an IC shift register that has a parallel in-serial out 
operation (it can also be operated as serial in-serial out). Figure 9-14 shows the 
internal logic diagram for this device and a typical logic block symbol. 

A LOW on the SHIFT/LOAD (SH/LD) input enables all the NAND gates 
for parallel loading. When an input data bit is a 1, the flip-flop is asynchronously 
SET by a LOW out of the upper gate. When an input data bit is a 0, the flip-flop is 
asynchronously RESET by a LOW out of the lower gate. The clock is inhibited 
during parallel loading. A HIGH on the SH/LD input enables the clock, causing 
the data in the register to shift right. 

Additionally, data can be entered serially on the SER input. Also, the clock 
can be inhibited anytime with a HIGH on the CLK_INH input. The serial data 
outputs of the register are Ор and its complement, Q,,. 

This implementation is different from the synchronous method of parallel 
loading previously discussed, demonstrating that there are usually several ways to 
accomplish the same function. 

Figure 9-15 is a timing diagram showing an example of the operation of a 
74165 shift register. 
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SECTION 1. Explain the function of the SHIFT/LOAD input. 
REVIEW 2. Is the parallel load operation in a 74165 shift register synchronous OT 
9-4 asynchronous? What does this mean? 
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CLK 


(b) Logic symbol 


The 74165 eight-bit parallel load shift register. 


FIGURE 9-14 
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Data 


| Inhibit Nb Serial shift е 


Load 
FIGURE 9-15 Example timing diagram for a 74165 shift register. 
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Parallel entry of datà was described in Section 9-4, and parallel output of data was 
also previously discussed. The parallel in-parallel out register employs both 
methods: Immediately following the simultaneous entry of all data bits, the bits 
appear on the parallel outputs. This type of register is shown in Figure 9-16. 


The 74195 Four-Bit Parallel Access Shift Register 


This device can be used for parallel in-parallel out operation. Since it also has а 
serial input, it can be used for serial in-serial out and serial in-parallel out 
operation. It can be used for parallel in-serial out operation by using Ор as the 
output. A typical logic block symbol is shown in Figure 9-17. 
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Parallel data inputs 


Parallel data outputs 


FIGURE 9-16 A parallel in-parallel out register. 


FIGURE 9-17 The 74195 four- 
bit parallel access shift register. 


Serial J 
input K 
SH/LD 


CLR 
CLK 


Q Ов Oc Qp 


When the SHIFT/LOAD (SH/LD) input is LOW, the data on the parallel 
inputs are entered synchronously on the positive transition of the clock. When the 
SH/LD input is HIGH, stored data will shift right (Q4 to Op) synchronously with 
the clock. J and K are the serial data inputs to the first stage of the register (Од); 
Ор can be used for serial output data. The active-LOW clear is asynchronous. 

The timing diagram in Figure 9-18 illustrates the operation of this register. 
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FIGURE 9-18 Example timing diagram for a 74195 shift register. 
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1. In Figure 9-16, A = 1, B = 0, C = 0, and D = 1. After three clock pulses, 
what are the data outputs? 
2. Fora74195, SH/LD = 1,J = 1, and = 1. What is O, after one clock pulse? 


BIDIRECTIONAL SHIFT REGISTERS 


A bidirectional shift register is one in which the data can be shifted either left or 
right. It can be implemented by using gating logic that enables the transfer of a 
data bit from one stage to the next stage to the right or to the left, depending on the 
level of a control line. A four-bit implementation is shown in Figure 9-19 for 
illustration. A HIGH on the RIGHT/LEFT control input allows data to be shifted 
to the right, and a LOW enables a left shift of data. An examination of the gating 
logic should make the operation apparent. When the RIGHT/LEFT control is 
HIGH, gates G, through G, are enabled, and the state of the Q output of each flip- 
flop is passed through to the D input of the following flip-flop. When a clock pulse 
occurs, the data are then effectively shifted one place to the right. When the 
RIGHT/LEFT control is LOW, gates С; through С; are enabled, and the Q output 
of each flip-flop is passed through to the D input of the preceding flip-flop. When a 
clock pulse occurs, the data are then effectively shifted one place to the left. 
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Determine the state of the shift register of Figure 9-19 after each clock pulse for 
the given RIGHT/LEFT control input waveform in Figure 9-20(a). Assume 
that Q4 = 1, Qp = 1, Ос = 0, and Qp = 1, and the serial data-in line is LOW. 


Solution See Figure 9-20(b). 


RIGHT/LEFT (right) (left) (right) (left) 


(a) CLK П П П П П П П П П 


| | 


The 74194 Four-Bit Bidirectional Universal 
Shift Register 


The 74194 is an example of a bidirectional shift register in integrated circuit form. 
A logic block symbol is shown in Figure 9-21. 


FIGURE 9-21 The 74194 four-bit 
bidirectional universal shift 
register. 
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Parallel loading, which is synchronous with a positive transition of the clock, 
is accomplished by applying the four bits of data to the parallel inputs and a HIGH 
to the $5 and 5, inputs. 

Shift right is accomplished synchronously with the positive edge of the clock 
when Sọ is HIGH and 5, is LOW. Serial data in this mode are entered at the shift- 
right serial input (SR SER). When Sy is LOW and S, is HIGH, data bits shift left 
synchronously with the clock, and new data are entered at the shift-left serial 
input (SL SER). An example timing diagram is shown in Figure 9-22. SR SER 
goes into the Q, stage and SL SER goes into the Q, stage. 


Mode So га | 
control | 
inputs „ЖА 


Parallel B L| 
data | | | | | 


inputs С E i l | 


Parallel 
outputs 


| 
|| ма right——4] |-— shit е Inhibit ——] 


Clear Load Clear 


FIGURE 9-22 Example timing diagram for a 74194 shift register. 


1. Assume that the eee shift register in Figure 9-19 has the following 
contents: О, = 1, Og = 1, = 1, Qc. = 0, and Ор = 0. There is a 1 on the serial 


data-in line. If RIGHT/LEFT is HIGH for three clock pulses and LOW for 
two more clock pulses, what are the contents after the fifth clock pulse? 
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A shift register counter is basically a shift register with the serial output connected 
back to the serial input in order to produce special sequences. These devices are 
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often classified as counters because they exhibit a specified sequence of states. 
Two of the most common types of shift register counters are introduced in this 
section: the Johnson counter and the ring counter. 


The Johnson Counter 


In a Johnson counter, the complement of the output of the last flip-flop is 
connected back to the D input of the first flip-flop (it can be implemented with S-R 
or J-K flip-flops as well). This feedback arrangement produces a unique sequence 
of states as shown in Table 9-1 for a four-bit device and in Table 9-2 for a five-bit 
device. Notice that the four-bit sequence has a total of eight states and that the 
five-bit sequence has a total of ten states. In general, an n-stage Johnson counter 
will produce a modulus of 2л, where л is the number of stages in the counter. 
The implementations for the four- and five-stage Johnson counters are 
shown in Figure 9-23. The implementation of a Johnson counter is very straight- 
forward and is the same regardless of the number of stages. The Q output of each 
stage is connected to the D input of the next stage (assuming that D flip-flops are 
used). The single exception is that the Q output of the last stage is connected back 
to the D input of the first stage. As the sequences in Tables 9-1 and 9-2 show, the 


TABLE 9-1 Four-bit Johnson 
sequence. Clock Pulse 


TABLE 9-2 Five-bit Johnson 
sequence. Clock Pulse | Q, Qp 


z CTS 
E | ы 
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CLK 


(b) Five-bit Johnson counter 


FIGURE 9-23 Johnson counters. 


counter will “Ш up" with 1s from left to right, and then it will “fill up” with 05 
again. One advantage of this type of sequence is that it is readily decoded with 
two-input AND gates. 

Diagrams of the timing operations of both the four- and five-bit counters are 
shown in Figures 9-24 and 9-25, respectively. 


FIGURE 9-24 Timing sequence for a four-bit Johnson counter. 
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FIGURE 9-25 Timing sequence for a five-bit Johnson counter. 


The Ring Counter 


The ring counter utilizes one flip-flop for each state in its sequence, and it is 
therefore wasteful of flip-flops. It does have the advantage that decoding is not 
required for decimal conversion. 

A logic diagram for a ten-bit ring counter is shown in Figure 9-26. The 
sequence for this ring counter is given in Table 9-3. Initially, a 1 is preset into the 
first flip-flop, and the rest of the flip-flops are cleared. Notice that the interstage 
connections are the same as those for a Johnson counter, except that Q rather 
than Q is fed back from the last stage. The ten outputs of the counter indicate 
directly the decimal count of the clock pulse. For instance, a 1 on Qo is a zero, a 1 
on Q, is a one, a 1 on Q, isa two, a 1 on О, isa three, and so on. You should verify 
for yourself that the 1 is always retained in the counter and simply shifted **around 
the ring," advancing one stage for each clock pulse. 

Modified sequences can be achieved by having more than a single 1 in the 
counter, as illustrated in the following example. 


TABLE 9-3 Ring counter sequence ( ten bits). Si 
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If a ten-bit ring counter similar to Figure 9-26 has the initial state 1010000000, 
determine the waveforms for each of the Q outputs. 


Solution See Figure 9-27. 


1. How many states are there in an eight-bit Johnson counter sequence? 
2. Write the sequence of states for a three-bit Johnson counter starting with 000. 


SHIFT REGISTER APPLICATIONS 


Shift registers are found in an almost endless array of applications, a few of which 
are presented in this section. 


Time Delay 


The serial in-serial out shift register.can be used to provide a time delay from 
input to output that is a function of both the number of stages (л) in the register 
and the clock frequency. 
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When a data pulse is applied to the serial input (A and B connected together), 
it enters the first stage on the triggering edge of the clock pulse. It is then shifted 
from stage to stage on each successive clock pulse until it appears on the serial 
output n clock periods later. This time-delay operation is illustrated in Figure 9-28 
using a 7491A eight-bit shift register with a clock frequency of 1 MHz to achieve a 
time delay of 8 us (8 х 1 us). This time can be adjusted up or down by changing 
the clock frequency. The time delay can aiso be increased by cascading shift 
registers and decreased by taking the output from successively lower stages in the 
register, as illustrated in Example 9-6, 


Data out 


7491A 


m | 
Data in 


| | 


Data out | falc 
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FIGURE 9-28 The shift register as a time-delay device. 


EXAMPLE Determine the amount of time delay between the serial input and each output in 
9-6 Figure 9-29. Show a timing diagram to illustrate. 


Qa Ов Ос Ор ОЕ Or Oc Он 
*Data shifts from Q4 toward Он. 


438 


SHIFT REGISTERS 


Solution The clock period is 2 us. Thus, the time delay can be increased or 
decreased in 2-р increments from a minimum of 2 ps to a maximum of 16 ps, 
as illustrated in Figure 9-30. 


FIGURE 9-30 Timing diagram showing time delays for the register in Figure 9-29. 


Ring Counter 


If the output is connected back to the serial input, a shift register can be used as à 
ring counter. This application is illustrated in Figure 9-31 using a 74195 four-bit 
shift register. 

Initially, a 1000, bit pattern (or any other pattern) can be synchronously 
preset into the counter by applying the bit pattern to the parallel data inputs and 
taking the SH/LD input LOW. After initialization, the 1 continues to circulate 
through the counter, as the timing diagram in Figure 9-32 shows. 


Serial-to-Parallel Data Converter 


Serial data transmission from one digital system to another is commonly used to 
reduce the number of wires in the transmission line. For example, eight bits can be 
sent serially over one wire, but it takes eight wires to send the same data 10 


parallel. 
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FIGURE 9-31 74/95 connected 
as a ring counter. 


FIGURE 9-32 Timing diagram showing two complete cycles of the ring counter in Figure 
9-31 when it is initially preset to 1000,. 


A computer or microprocessor-based system often requires incoming data to 
be in parallel format; thus the requirement for serial-to-parallel conversion. 

А simplified serial-to-parallel data converter, in which two types of shift 
registers are used, is shown in Figure 9-33. In this case, use of specific devices is 
reserved as an end-of-chapter problem. 

To illustrate the operation of this system, the serial data format shown in 

` Figure 9-34 is used. It consists of eleven bits. The first bit (start bit) is always 0 
and always begins with a HIGH-to-LOW transition. The next eight bits (Do 
through О.) are the data bits (one of the bits can be parity), and the last two bits 
(stop bits) are always 1s. When no data are being sent, there is a continuous 1 on 
the serial data line. 

The HIGH-to-LOW transition of the start bit SETS the control flip-flop, 
which enables the clock generator. After a fixed delay time, the clock generator 
begins producing a pulse waveform which is applied to the data-input register and 
to the divide-by-8 counter. The clock has a frequency precisely equal to that of the 
incoming serial data, and the first clock pulse after the start bit is coincident with 


the first data bit. 
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FIGURE 9-35 Timing diagram illustrating the operation of the serial-to-parallel data 
converter in Figure 9-33. 
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The eight data bits (Dy through О.) are serially shifted into the data-input 
register. After the eighth clock pulse, a HIGH-to-LOW transition of the terminal 
count (TC) output of the counter ANDed with the clock loads the eight bits that 
are in the data-input register into the data-output register. This same transition 
also triggers the one-shot (OS), which produces a short-duration pulse to clear the 
counter and RESET the control flip-flop and thus disable the clock generator. The 
system is now ready for the next group of eleven bits, and it waits for the next 
HIGH-to-LOW transition at the beginning of the start bit. The timing diagram in 
Figure 9-35 (р. 441) illustrates the basic operation just discussed. 

By basically reversing the process just covered, parallel-to-serial data con- 
version can be accomplished. However, since the serial data format must be 
produced, additional requirements must be taken into consideration. This is left as 
a challenging problem at the end of the chapter. 


Universal Asynchronous Receiver Transmitter (UART) 


As mentioned, computers and microprocessor-based systems often send and 
receive data in a parallel format. Frequently, these systems must communicate 
with external devices that send and/or receive serial data. An interfacing device 
used to accomplish these conversions is the UART. Figure 9-36 illustrates the 
UART in a general microprocessor-based system application. 


Parallel 
data bus 


} DERTTEN Serial data out 
5 External 


(teletype, communications 
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FIGURE 9-36 UART interface. 


A UART includes a serial-to-parallel data converter such as we have dis- 
cussed and a parallel-to-serial converter as shown in Figure 9-37. The data bus is 
basically a set of parallel conductors along which data move between the UART 
and the microprocessor system. The buffers interface the data registers with the 
data bus. 

The UART receives data in serial format, converts the data to parallel 
format, and places them on the data bus. The UART also accepts parallel data 
from the data bus, converts the data to serial format, and transmits them to an 
external device. 
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FIGURE 9-37 Basic UART block diagram. 


Keyboard Encoder 


The keyboard encoder is a good example of the application of a shift register used 
as a ring counter in conjunction with other devices. Recall that a simplified 
calculator keyboard encoder without data storage was presented in Chapter 6. 

Figure 9-38 shows a simplified keyboard encoder for encoding a key closure 
in 64-key matrix organized in eight rows and eight columns. A 74199 eight-bit 
universal shift register is connected as a ring counter (О to J, К) with a fixed bit 
pattern of seven 1s and one 0 preset into it when the power is turned on. Two 
74147 priority encoders (introduced in Chapter 6) are used as eight-line-to-three- 
line encoders (9 input HIGH, D output unused) to encode the ROW and COL- 
UMN lines of the keyboard matrix. Another 74199 shift register is used as a 
parallel in-parallel out register into which the ROW/COLUMN code from the 
priority encoders is stored. 

The basic operation of the keyboard encoder in Figure 9-38 is as follows: 
The ring counter "scans" the rows for a key closure as the clock signal shifts the 0 
around the counter at a 5-kHz rate. 

The 0 (LOW) is sequentially applied to each ROW line, while all other ROW 
lines are HIGH. All the ROW lines are connected to the ROW encoder inputs, so 
the three-bit output of the ROW encoder at any time is the binary representation 
of the ROW line that is LOW. | { 

When there is а key closure, one COLUMN line is connected to one ROW 
line. When the ROW line is taken LOW by the ring counter, that particular 
COLUMN line is also pulled LOW. The COLUMN encoder produces a binary 
output corresponding to the COLUMN in which the key is closed. The three-bit 
ROW code plus the three-bit COLUMN code uniquely identifies the key that is 
closed. This six-bit code is applied to the inputs of the key code register. When a 


CLK (5 kHz) 
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key is closed, the two one-shots produce a delayed clock pulse to parallel load the 
six-bit code into the key code register. This allows the contact bounce to die out. 
Also, a one-shot output inhibits the ring counter to prevent it from scanning while 


the data are being loaded into the key code register. 


Power-on 


LOAD 


ae NE. er ey | 


Column encoder 
74147 
29 


= 


Switch closure f 


Row encoder 


One-shots 


To ROM 
FIGURE 9-38 Simplified keyboard encoding circuit, 
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The six-bit code in the key code register is now applied to a ROM (read only 
memory) to be converted to ASCII or some other appropriate alphanumeric code 
that identifies the keyboard character. ROMs are studied in the next chapter. 
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1. In the keyboard encoder, how many times per second does the ring counter 
scan the keyboard? 

2. What is the six-bit ROW/COLUMN code for the top row and the left-most 
column in the keyboard encoder? 

3. What is the purpose of the diodes in the keyboard encoder? What is the 
purpose of the resistors? 


TROUBLESHOOTING 


Another basic method of troubleshooting sequential logic and other more complex 
digital systems uses a procedure of ‘‘exercising’’ the circuit under test with a 
known input waveform (stimulus) and then observing the output for the proper bit 
pattern. e 

The serial-to-parallel data converter in Figure 9-33 is used to illustrate this 
procedure. The main objective in '*exercising'' the circuit is to force all elements 
(flip-flops and gates) into all of their states to be certain that nothing is ‘‘stuck”’ in 
a given state. The input test pattern, in this case, must be designed to force each 
flip-flop in the registers into both states, clock the counter through all of its eight 
states, and take the control flip-flop, clock generator, one-shot, and gate through 
their paces. 

The input test pattern that accomplishes this objective for the serial-to- 
parallel data converter is based on the serial data format in Figure 9-34. It consists 
of the pattern 10101010 in one group of data bits followed by 01010101 in the next 
group, as shown in Figure 9-39. These patterns are generated on a repetitive basis 
by a special test circuit. The basic test setup is shown in Figure 9-40. 
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FIGURE 9-39 Example test pattern. 


After both patterns have been run through the circuit under test, each flip- 
flop in the data-input register and in the data-output register has resided in both 
SET and RESET states; the counter has gone through its sequence (once for each 
bit pattern); and all the other devices have been exercised. 
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Logic analyzer 
(or oscilloscope) 


FIGURE 9-40 Basic test setup for the serial-to-parallel data converter of Figure 9-33. 


To check for proper operation, each of the parallel data outputs is observed 
for an alternating pattern of 1s and 0s as the input test patterns are repetitively 
shifted into the data-input register and then loaded into the data-output register. 
The proper timing diagram is shown in Figure 9-41. Each output can be observed 
individually or in pairs with a dual-trace oscilloscope, or all eight outputs can be 
observed simultaneously with a logic analyzer configured for timing analysis. 
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FIGURE 9-41 Proper outputs for the circuit under test in Figure 9-40. Two full cycles of 
the input test pattern are shown. 


If one or more outputs of the data-output register are incorrect, then we 
must back up to the outputs of the data-input register. If these outputs are correct, 
then probably the data-output register is defective. If the data-input register 
outputs are also incorrect, the fault could be with the register itself or with any of 
the other logic, and additional investigation is necessary to isolate the problem. 


Signature Analysis 


Signature analysis is another effective troubleshooting method which is based on 
the comparison of measured bit patterns (called signatures) with documented 
signatures at various test points (nodes) in a system that is being tested. 

Figure 9-42 shows a simplified model of a signature analyzer with a sixteen- 
bit internal signature register that includes four feedback tap positions. As illus- 
trated, the signature analyzer compresses a node's waveform (bit pattern) into a 
four-digit signature display. 

Table 9-4 shows a typical sixteen-character display set used for signature 
analysis. In this case, the standard hexadecimal characters are changed to elimi- 
nate possible confusion between the lower-case b and the digit 6, the capital B and 
the digit 8, and so on. 

During troubleshooting, measured signatures are compared against docu- 
mented ones that appear on the schematic diagram or on a test point list for the 
system under test, There is no diagnostic information in the signature itself; thus a 
signature display is useless without a known signature with which to compare it. 
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FIGURE 9-42 Simplified signature analyzer. 


A typical signature analyzer is shown in Figure 9-43. The measurement 
cycle of the analyzer is controlled by an internal state called the gate. When the 
gate is open, the analyzer is taking a new signature measurement through the 
data-probe input. When the gate closes, the analyzer stops taking the new sig- 
nature measurement and displays it, replacing the previous measurement. The 


TABLE 9-4 Signature display Б 
character set. Four-Bit Group Displayed Character 


9-9 TROUBLESHOOTING 449 


FIGURE 9-43 A typical sig- SIGNATURE DISPLAY 
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FIGURE 9-44 Example of the basic gate operation of a signature analyzer. 
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gate lamp on the front panel is on during a measurement cycle when the gate is 
open and is off when the gate is closed. 

The analyzer gate is controlled by three inputs from the system or device 
under test: start, stop, and clock. Basic gate control for a signature measurement 
cycle is shown in Figure 9-44 (р. 449). The start and stop inputs are used to open 
and close the gate at predetermined triggering edges, which are selected by front 
panel controls. The clock synchronizes the analyzer to the system or device being 
tested. The logic level of the waveform (bit pattern) measured by the data-probe 
input is sampled only at the clock pulse edges. These logic levels are used as data 
bits that are compressed into the signature. The gate opens at the clock edge 
following the selected start edge and closes at the clock edge following the 
selected stop edge, as illustrated in Figure 9-44. 


1. What is the purpose of providing a test input to a sequential logic circuit? 

2. Generally, when an output waveform is found to be incorrect, what is the next 
step to be taken? 

3. Define signature analysis. 


LOGIC SYMBOLS WITH DEPENDENCY NOTATION 


Two examples of ANSI/IEEE Std. 91-1984 symbols with dependency notation for 
shift registers are presented in this section. This material can be treated as 
optional. 

The logic symbol for a 74164 eight-bit parallel out serial shift register is 
shown in Figure 9-45. The common control inputs are shown on the notched 
block. The clear (CLR) input is indicated by an R (for RESET) inside the block. 
Since there is no dependency prefix to link R with the clock (C1), the clear 
function is asynchronous. The right arrow symbol after C1 indicates data flow 
from Q, to Он. The A and В inputs are ANDed, as indicated by the imbedded 
AND symbol, to provide the synchronous data input, 1D to the first stage (Од). 
Note the dependency of D on С, as indicated by the 1 suffix on С and the 1 prefix 
on D. 

Figure 9-46 is the logic symbol for the 74194 four-bit bidirectional universal 
shift register. Starting at the top left side of the control block, note that the CLR 
input is active-LOW and is asynchronous (no prefix link with C). Sọ and 5, are 
mode inputs that determine the shifi-right, the shift-left, and the parallel load 
modes of operation as indicated by the $ dependency designation following the M. 
The $ represents the binary states of 0, 1, 2, and 3 on the S, and 5, inputs. When 
one of these digits is used as a prefix for another input, a dependency is estab- 
lished. The '*1—/2—" symbol on the clock input indicates the following: “1>” 
indicates that a right shift (Q, toward Ор) occurs when the mode inputs (So, 51) 
are in the binary 1 state (Sy = 1, S, = 0). “2<” indicates that a left shift (Ор 


9-10 LOGIC SYMBOLS WITH DEPENDENCY NOTATION 451 


toward Од) occurs when the mode inputs are in the binary 2 state (Sọ = 0, S, = 
1). The shift-right serial input (SR SER) is both mode- and clock-dependent as 
indicated by 1,4D. The parallel inputs (A, B, C, and D) are all mode-dependent 
(prefix 3 indicates parallel load mode) and clock-dependent as indicated by 3,4D. 


CLK 


FIGURE 9-46 Logic symbol for the 74194. 
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The shift-left serial input (SL SER) is both mode- and clock-dependent as indi- 
cated by 2,4D. 


The four modes for this device are summarized below: 


Do nothing: So = 0, 5, = 0 (Mode 0) 

Shift right: So = 1,8, = 0 (Mode 1, as in 1,4D) 
Shift left: So = 0,5, = 1 (Mode 2, as in 2,4D) 
Parallel load: Sọ = 1,5, = 1 (Mode 3, as in 3,40) 


a i —— ——————— 
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SUMMARY 


In Figure 9-46, are there any inputs that are dependent on the mode inputs 
being in the 0 state? 
Is the parallel load synchronous with the clock? 


_———Ҥ—ү— 


Shift registers are basically storage devices in which data can be moved (shifted) in or 
out in several ways. 


О The basic types of shift registers in terms of data movement are 


EXERCERE. D 


SELF-TEST 


1. Serial in-serial out 

2. Serial in-parallel out 
3. Parallel in-serial out 
4. Parallel in-parallel out 


A bidirectional shift register is one in which data can be moved internally in either 
direction. 

A universal shift register is one that has both serial and parallel inputs and outputs. 
Shift register counters are shift registers with feedback that exhibit special sequences. 
Examples are the Johnson counter and the ring counter. 

The Johnson counter has 2л states in its sequence, where n is the number of stages. 
The ring counter has л states in its sequence. 


—-<-—-————— 


1. 
2. 


Explain how a flip-flop can store a data bit. 

How many clock pulses are required to shift a byte of data into and out of an eight-bit 

serial in-serial out shift register? 

Repeat Problem 2 for an eight-bit serial in-parallel out shift register. 

aan a logic diagram for the register in Figure 9-3 using S-R flip-flops to replace the D 
ip-flops. 

Show how the shift register in Figure 9-8 can be used as a three-bit serial in-serial out 

shift register. 
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PROBLEMS 


The binary number 10110101 is serially shifted into an eight-bit parallel out shift 
register that has an initial content of 11100100. What are the Q outputs after twe clock 
pulses? After four clock pulses? After eight clock pulses? 

An eight-bit bidirectional shift register contains 10111011. Zeros are applied to the 
shift-right and shift-left serial data inputs. The shift register is in the shift-right mode 
for three clock pulses, then in the shift-left mode for six clock pulses, then in the shift- 
right mode for two clock pulses. What is the final state of the register? 

How many flip-flops are required to implement a divide-by-10 Johnson counter? 
What is the basic difference between a Johnson counter and a ring counter? 

Write the sequence of states for a four-bit Johnson counter. 

Write the sequence of states for an eight-bit ring counter with 1s in the first and fourth 
stages and 0$ in the rest. 

In Figure 9-28, what clock frequency is required for a 24-us delay? 

Draw the timing diagram for the ring counter in Figure 9-32 if Is are preset in А and C 
and Os in B and D. 

What is the purpose of a UART? 

Specify a type of one-shot, by device number, that can be used in the keyboard 
encoder of Figure 9-38. 

Explain the purpose of the ring counter in Figure 9-38. 


Section 9-1 


9-1 
9-2 


Why are shift registers considered to be basic memory devices? 
What is the storage capacity of a register that can retain two bytes of data? 


Section 9-2 


9-3 


9-4 


For the data input and clock in Figure 9-47, determine the states of each flip-flop in 
the shift register of Figure 9-3, and draw the Q waveforms. Assume that the register 
contains all Is initially. 
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FIGURE 9-47 


Repeat Problem 9-3 for the waveforms in Figure 9-48. 
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FIGURE 9-48 
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9-5 What is the state of the register in Figure 9-49 after each clock pulse if it starts in the 
101001111000 state? 
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FIGURE 9-49 


9-6 For the serial in-serial out shift register, determine the data-output waveform for the 
data-input and clock waveforms in Figure 9-50. Assume that the register is initially 
cleared. 
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FIGURE 9-50 


9-7 Repeat Problem 9-6 for the waveforms in Figure 9-51, 
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FIGURE 9-51 


9-8 The data-output waveform in Figure 9-52 is related to the clock as indicated. What 
binary number is stored in the register if the first bit out is the LSB? 


FIGURE 9582: anon ff „гт 
ак 4 ps 


PROBLEMS 455 


Section 9-3 
9-9 Draw acomplete timing diagram showing the parallel outputs for the shift register in 
Figure 9-8. Use the inputs in Figure 9-50 with the register initially clear. 


9-10 Repeat Problem 9-9 for the input waveforms in Figure 9-51. 


9-11 Sketch the О, through Q,, outputs for a 74164 shift register with the input wave- 
forms shown in Figure 9-53. 
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FIGURE 9-53 


Section 9-4 

9-12 The shift register in Figure 9-54(a) has SHIFT/LOAD and CLK inputs as shown in 
part (b). The serial data input (SER) is a 0. The parallel data inputs are А = 1, B = 0, 
C = 1, D = 0. Sketch the data-output waveform in relation to the inputs. 
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9-13 The waveforms in Figure 9-55 are applied to a 74165 shift register. The parallel 
inputs are all 0. Determine the О’, waveform. 
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FIGURE 9-55 
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9-14 Repeat Problem 9-13 if the parallel inputs are all 1. 
9-15 Repeat Problem 9-13 if the SER input is inverted. 


Section 9-5 
9-16 Determine all of the Q output waveforms for a 74195 four-bit shift register when the 
inputs are as shown in Figure 9-56. 


FIGURE 9-56 


9-17 Repeat Problem 9-16 if the SH/LD input is inverted and the register is initially clear. 
9-18 Use two 74195 shift registers to form an eight-bit shift register. Show the required 
connections. 


Section 9-6 

9-19 For the eight-bit bidirectional register in Figure 9-57, determine the state of the 
register after each clock pulse for the right/left control waveform given. A HIGH on 
this input enables a shift to the right, and a LOW enables a shift to the left. Assume 
that the register is initially storing a **76" in binary, with the right-most position 
being the LSB. “Data in" is LOW. 
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FIGURE 9-57 
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9-20 Repeat Problem 9-19 for the waveforms in Figure 9-58. 
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9-21 Use two 74194 four-bit bidirectional shift registers to create ап eight-bit bidirectional 
shift register. Show the connections. 

9-22 Determine the О outputs of a 74194 with the inputs shown in Figure 9-59. A, B, C, 
and D are all HIGH. 


FIGURE 9-59 


Section 9-7 

9-23 How many flip-flops are required to implement each of the following in a Johnson 
counter configuration: 
(a) Divide-by-6 (b) Divide-by-10 (c) Divide-by-14 
(d) Divide-by-16 (e) Divide-by-20 (0 Divide-by-24 
(g) Divide-by-36 

9-24 Draw the logic diagram for a divide-by-18 Johnson counter. Sketch the timing 
diagram and write the sequence in tabular form. 
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9-25 


9-26 


For the ring counter in Figure 9-60, draw the waveforms for each flip-flop output 
with respect to the clock. Assume that FFO is initially SET and the rest RESET. 
Show at least ten clock pulses. 

The waveform pattern in Figure 9-61 is required. Show a ring counter, and indicate 
how it can be preset to produce this waveform. 
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Section 9-8 


9-27 


9-28 


9-29 


9-30 


9-31 
9-32 


Use 74195 four-bit shift registers to implement a sixteen-bit ring counter. Show the 
connections. 

Specify the devices that can be used to implement the serial-to-parallel data con- 
verter in Figure 9-33. Draw the complete logic diagram showing any modifications 
necessary to accommodate the specific devices used. 

Modify tiie serial-to-parallel converter in Figure 9-33 to provide sixteen-bit conver- 
sion. 

Design an eight-bit parallel-to-serial data converter that produces the data format in 
Figure 9-34. Show a logic diagram and specify the devices. 

What is the purpose of the power-on LOAD input in Figure 9-38? 

Develop a power-on LOAD circuit for the keyboard encoder in Figure 9-38. This 
circuit must generate a short-duration LOW pulse when the power switch is turned 
on. 


9-33 What happens when two keys are pressed simultaneously in Figure 9-38? 
Section 9-9 
9-34 Develop a test procedure for exercising the keyboard encoder in Figure 9-38. 


9-35 


9-36 


Specify the procedure on a step-by-step basis, indicating the output code from the 
key code register that should be observed at each step in the test. 

Implement the test pattern generator used in Figure 9-40 to troubleshoot the serial- 
to-parallel converter. 

What symptoms are observed for the following failures in the serial-to-parallel 
converter in Figure 9-40 (refer to Figure 9-33 for more detail): 

(a) AND gate output stuck in HIGH state $ 

(b) Clock generator output fails LOW 

(c) Third stage of data input register stuck in SET state 

(d) Terminal count output of counter stuck in HIGH state 
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ANSWERS TO SECTION REVIEWS 


Section 9-1 
1. A counter has a specified sequence of states, but a register does not. 
2. Storage, data movement (shifting). 


Section 9-2 э! E 

1. FFA: Data input to J, Data input to K. FFB: О, to J, Q, to K. ЕЕС: Og to J, Og to К. 
FFD: Ос to J, Ос to К. 

2. Eight. 


Section 9-3 
1. 0100 2. Take the serial output from the right-most flip-flop. 


Section 9-4 

1. When SHIFT/LOAD is HIGH, the data are shifted right one bit per clock pulse. When 
SHIFT/LOAD is LOW, the data on the parallel inputs are loaded into the register. 

2. Asynchronous. The parallel load operation is not dependent on the clock. 

Section 9-5 

1. 1001 2. Q,=1 

Sectioa 9-6 

15H 


Section 9-7 
1. Sixteen 2. 000, 100, 110, 111, 011, 001, 000 


Section 9-8 

1. 625scans/second 2. ABCDEF = 001001 

3. The diodes provide unidirectional paths for pulling the ROWs LOW and preventing 
HIGHs on the row lines from being connected to the switch matrix. The resistors pull 
the column lines HIGH. 


Section 9-9 

1. To sequence the circuit through all of its states. 

2. Check the input to that portion of the circuit. If the signal on that input is correct, the 
fault is isolated to the circuitry between the good input and the bad output. 

3. Signature analysis is a troubleshooting technique whereby measured bit patterns are 
compared to documented bit patterns (signatures). 


Section 9-10 
1. No. 2. Yes, as indicated by the 4D label. 
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° covered. Specific memory devices introduced are 


The last chapter covered shift registers, which are 
а type of storage device; in fact, a shift register 


is basically a memory. The memory devices cov- 


ered in this chapter are generally used for longer- 
term storage of larger amounts of data than regis- 
ters can provide. 

Modern data-processing systems require the 
permanent or semipermanent storage of large 
amounts of data. Microprocessor-based systems 
rely on memories for their operation because 
memories are used to store programs and data for 
processing. 

In this chapter, both semiconductor and 
magnetic memories and their applications are 


the following: 


1. 74184 ROM BCD-to-binary converter 

2. 74185 ROM binary-to-BCD converter 

3. 7488 ROM 

4. TMS47256 ROM . 

5. TMS2516 16K-bit EPROM 

6. TMS4016 I6K-bit byte-oriented static 
RAM 

7. 74189 64-bit static RAM 

8. 74PL689 programmable logic array 

9. TMS4164 64K-bit dynamic RAM 
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In this chapter, you will learn ў 


The basic types of semiconductor and тар- 
netic memories. 

What a ROM is and how it works. 

What a RAM is and how it works. 

How memories are used in microprocessor- 
based systems. 

The difference between a data word and a 
data byte. 

How ROMs are used to store fixed programs. 
How three-state interfacing is used to connect 
memories to other parts of a system. 

How data are stored and retrieved from a 
memory. г 

How PROMs and EPROMs operate. 

How a RAM operates and how it differs from 
a ROM. 

The difference between static RAMs and dy- 
namic RAMs. 

How dynamic RAMs are refreshed. 

How a magnetic bubble memory (MBM) 
works. 

Several methods of storing data on magnetic 
tape. 

The basic structure of floppy disks. 

The fundamentals of PLAs, FIFOs, and CCD 
memories, 

How to use a logic analyzer in a memory 
troubleshooting problem. 
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MEMORIES 


MEMORY CONCEPTS 


Data are stored ina memory by a process called writing and are retrieved from the 
memory by a process called reading. Memories are made up of storage locations 
in which data can be stored. Each location is identified by an address. The number 
of storage locations can vary from a few in some memories to hundreds of 
thousands in others. 

Each storage location can accommodate one or more bits. Generally, the 
total number of bits that a memory can store is its capacity. Sometimes the 
capacity is specified in terms of bytes (eight-bit groups). 

Memories are made up of storage elements (flip-flops or capacitors in semi- 
conductor memories and magnetic domains in magnetic storage), each of which 
stores one bit of data. A storage element is called a cell. 

Figure 10-1 illustrates in a very simplified way the concepts of write, read, 
address, and storage capacity for a generalized memory. 


Storage cells 


1010 


(а) WRITE puts data into a (b) READ takes data out 
specified address. of a specified address. 


FIGURE 10-1 А memory with n addresses and a capacity of 4n bits. 


Types of Semiconductor Memories 


The two basic types of semiconductor memories are the ROM and the RAM. The 
ROM is a read only memory. Data are permanently or semipermanently stored 
and can be read from the memory at any time. In a ROM in which the data are 
permanently stored, there is no write operation because specified data are either 
manufactured into the device or programmed into the device by the user and 
cannot be altered. In a ROM in which the data are semipermanently stored, the 
data can be altered by special methods, but there is no write operation. ROMs are 
nonvolatile memories; that is, the stored data are retained even when power is 
removed. Examples of ROM applications are look-up tables, conversions, and 
preprogrammed instructions. 
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The RAM is a random access memory that has both read and write ca- 
pability. The term random access means that any storage location in the memory 
can be addressed (accessed) in any order to read or write data. Actually, most 
ROMs are also random access devices, so the terminology is somewhat mislead- 
ing. More precisely, the RAM is a read/write random access memory, and the 
ROM is a read only random access memory. КАМ$ are volatile memories, so data 
are lost if the power is removed. 


The ROM family Semiconductor ROMs are manufactured with bipolar tech- 
nology (such as TTL) or with MOS (metal oxide semiconductor) technology. 
Figure 10-2 shows how ROMs are categorized. The mask ROM is the type т 
which data are permanently stored in the memory during the manufacturing 
process. The PROM, or programmable ROM, is the type in which the data are 
electrically stored by the user with the aid of specialized equipment. Notice that 
both the mask ROM and the PROM can be of either technology. The EPROM, or 
erasable PROM, is strictly a MOS device. 


FIGURE 10-2 The ROM family. 


The EPROM is electrically programmable by the user, but the stored data 
can be erased either by exposure to ultraviolet light or by electrical means. The 
latter type is called an electrically erasable PROM (EEPROM) or electrically 
alterable PROM (EAPROM). 


The RAM family RAMs are also manufactured with either bipolar or MOS 
technologies. Bipolar RAMs are all static RAMs; that is, the storage elements 
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used in the memory are latches, so data can be stored for an indefinite period of 
time as long as the power is on. Some MOS RAMs are of the static type and some 
are dynamic. A dynamic memory is one in which data are stored on capacitors 
which require periodic recharging (refreshing) to retain the data. Figure 10-3 
shows the categories of RAMs. 


Static Static Dynamic 
RAMs RAMs RAMs 


FIGURE 10-3 The RAM family. 


How Memories Are Used in Microprocessor-Based Systems 


Figure 10-4 shows a generalized basic block diagram of a typical microcomputer 
which forms the heart of microprocessor-based systems. As you can see, it 
consists of four functional blocks: microprocessor, memory, input/output (ГО) 
interface, and I/O device. The microprocessor unit within the microcomputer is 
interconnected to the memory and I/O interface with an address bus, a data bus, 
and a control bus. 

. The function of the memory is to store binary data that are to be used or 
processed by the microprocessor. The function of the //O interface is to get 
information into and out of the memory or microprocessor from the I/O device. 
The I/O device can be a keyboard, video terminal, card reader, printer, magnetic 
disk or tape unit, or other type of equipment. 

The address bus provides a path from microprocessor to memory and I/O 
interface. It allows the microprocessor to select the memory address from which 
to acquire data or in which data are to be stored. It also provides for communica- 
tion with an I/O device for inputting or outputting data. 

The data bus provides a path over which data are transferred between the 
microprocessor, memory, and I/O interface. 
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FIGURE 10-4 Basic micro- 
computer. 


Address Memory 
bus RAM and ROM 


As mentioned, the microprocessor is connected to a memory with the 
address bus and the data bus. In addition, there are certain control signals that 
must be sent between the microprocessor and the memory, such as the read and 
the write controls. This is illustrated in Figure 10-5. 

As indicated, the address bus is unidirectional; that is, the address bits go 
only one way—from the microprocessor to the memory. The data bus is bidirec- 
tional. This provides for data bits to be transferred from the memory to the 
microprocessor or from the microprocessor to the memory. 


Words and bytes A complete unit of binary information or data is called a word. 
For instance, the number 200, can be represented by eight bits as 11001000,. 


Unidirectional Bidirectional 
address t data 
bus bus 


Memory 


FIGURE 10-5 A microprocessor with memory. 
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This, then, is an eight-bit word because it completely represents the decimal 
number 200. Now consider the decimal number 32,768. This number cannot be 
represented with eight bits but requires 16 bits—1000000000000000,. So a 16-bit 
word is required for representing decimal numbers from 0 to 65,535. 

Most microprocessors handle bits in eight-bit groups called bytes. A byte 
may be a word or only part of a word. For instance, an eight-bit word mentioned 
above consists of one byte. However, a 16-bit word consists of two bytes. 

In the following example of the read and write operations, a memory capac- 
ity of 65,536 bits is used because it represents a common memory size used in 
many microprocessor-based systems. This memory capacity is traditionally desig- 
nated as a 64K. 


Read Operation 


To transfer a byte of data from the memory to the microprocessor, a read 
operation must be performed, as illustrated in Figure 10-6. To begin, a program 
counter contains the 16-bit address of the byte to be read from the memory. This 


address is loaded into the address buffer and put onto the address bus. 


Address buffer Data register 


Address 510 put on address bus. 
READ signal applied. 


Contents of address 510 in memory put on data bus and 
stored by data register. 


FIGURE 10-6 Illustration of the г. 1 operation in a typical microcomputer. 


Once the address code is on the bus, the microprocessor control unit sends à 
read signal to the memory. At the memory, the address bits are decoded, and the 
desired memory location is selected. The read signal causes the contents of the 
selected address to be put on the data bus. The data byte is then loaded into 
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the data register to be used by the microprocessor. This completes the read 
operation. 

Note that each memory location contains one byte of data. When a byte is 
read from the memory, is it not destroyed but remains in the memory. This 
process of **copying" the contents of a memory location without destroying those 
contents is called nondestructive readout. 


Write Operation 
In order to transfer a byte of data from the microprocessor to the memory, a write 
operation is required, as illustrated in Figure 10-7. 


Address buffer Data register 


a 
ЕЕ 
a 


10001101 


Са 


Data рш оп data bus. 


Address put on address bus. 
WRITE signal causes data to be stored in address 616: 


FIGURE 10-7 Illustration of the write operation. 


The memory is addressed in the same way as during a read operation. A data 
byte being held in the data register is put onto the data bus, and the micro- 
processor sends the memory a write signal. This causes the byte on the data bus to 
be stored at the selected location in the memory as specified by the 16-bit address 
code. The existing contents of that particular memory location are replaced by the 
new data byte. This completes the write operation. 


Hexadecimal Representation of Address and Data 


The only things a microprocessor recognizes are combinations of 1$ and 0s. 
However, most literature on microprocessors uses the hexadecimal number sys- 
tem to simplify the representation of binary quantities. 
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For instance, the binary address 0000000000001 111 can be written as 000Е in 
hexadecimal. A 16-bit address can have a minimum hexadecimal value of 0000,, 
and a maximum value of FFFF,,. With this notation, a 64K memory can be shown 
in block form as in Figure 10-8. The lowest memory address is 0000,, and the 
highest address is FFFF,.. 


FIGURE 10-8 Representation Address 
of a 64K memory. (hexadecimal) Contents 


A data byte can also be represented in hexadecimal. A data byte is eight bits 
and can represent decimal numbers from 0,9 to 2555, or it can represent up to 
256, instructions. For example, a microprocessor code that is 10001100 in binary 
is written as 8C in hexadecimal. 


SECTION 1. Explain the basic difference between ROM and RAM. 


REVIEW 2. What does the term nonvolatile mean? 
10-1 3. Explain the difference between static and dynamic memories. 
10-2 READ ONLY MEMORIES (ROMs) 


As mentioned before, a ROM contains permanently or semipermanently stored 
data which can be read from the memory, but which either cannot be changed at 
all or cannot be changed without specialized equipment. ROMs are used to store 


n 


10-2 READ ONLY MEMORIES (ROMs) 471 


data that are used repeatedly in system applications, such as tables, conversions, 
or programmed instructions for system initialization and operation. 


The Mask ROM 


The mask ROM is referred to simply as a ROM. It is permanently programmed 
during the manufacturing process to provide widely used standard functions such 
as popular conversions or to provide user-specified functions. Once the memory 
is programmed, it cannot be changed. Most IC ROMs utilize the presence or 
absence of a transistor connection at a ROW/COLUMN junction to represent а 1 
or a 0. ROMs can be either bipolar or MOS. 

Figure 10-9(a) shows bipolar ROM cells. The presence of a connection from 
a ROW line to the base of a transistor represents a 1 at that location because when 
the ROW line is taken HIGH, all transistors with a base connection to that ROW 
line turn on and connect the HIGH (1) to the associated COLUMN lines. At 
ROW/COLUMN junctions where there are no base connections, the COLUMN 
lines remain LOW (0) when the ROW is addressed. 


COLUMN COLUMN 


Storing a 0 


(a) Bipolar cells 


COLUMN COLUMN 


ROW ==. 


1 Storing a 0 


(b) MOS cells 


FIGURE 10-9 ROM cells. 
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Figure 10-9(b) illustrates MOS ROM cells. They are basically the same as 
the bipolar cells, except they are made with MOSFETs (metal oxide semiconduc- 
tor field-effect transistors). The presence or absence of a gate connection at a 
junction permanently stores a 1 ога 0 as shown. 


A Simple ROM 


To illustrate the concept, Figure 10-10 shows a small, simplified ROM array. The 
light squares represent stored 15, and the dark squares represent stored 05. The 
basic read operation is as follows: When a binary address code is applied to 


Address 
input 


FIGURE 10-10 A 16X8-bit ROM array. 
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the address input, the corresponding ROW line goes HIGH. This HIGH is 
connected to the COLUMN lines through the transistors at each junction (cell) 
where a 1 is stored. At each cell where a 0 is stored, the COLUMN line stays 
LOW because of the terminating resister. The COLUMN lines form the data 
output. The eight data bits stored in the selected ROW appear on the output lines. 

As you can see, this example ROM is organized into 16 addresses, each of 
which stores 8 data bits. Thus, it is a 16X8 (16 by 8) ROM, and its total capacity is 
128 bits. 


EXAMPLE Show a basic ROM, similar to that shown in Figure 10-10, programmed for 
10-1 four-bit binary-to-Gray conversion. 


Solution Referring to Chapter 2 for the Gray code, the following table is: 
developed for use in programming the ROM: 


The resulting ROM array is shown in Figure 10-11. You can see that a 
binary code on the address inputs produces the corresponding Gray code on 
ihe output lines (COLUMNS). 


зажать 
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Internal ROM Structure 


Most IC ROMs have a somewhat more complex internal structure than that in the 
basic simplified example just covered. To illustrate how an IC ROM is structured, 
a 1024-bit device with a 256X4 organization is used. The logic symbol is shown in 
Figure 10-12. When any one of 256 binary codes (eight bits) is applied to the 
address inputs, four data bits appear on the outputs if the chip-select inputs are 
LOW. 


FIGURE 10-12 A 256X4 ROM ROM 256X4 


logic symbol. ‘Ao 0 
Ai 
А2 
Address A3 Qi 
РН Ag Q2 | Data 
As Q3 outputs 
A6 Q4 


Although the 256X4 organization of this device implies that there are 256 
rows and 4 columns in the memory array, this is not the case. The memory cell 
array is actually a 32X32 matrix (32 rows and 32 columns), as shown in the block 
diagram in Figure 10-13. 

The ROM works as follows: Five of the eight address lines (Аз through A,) 
are decoded by the ROW decoder (often called the Y decoder) to select one of the 
32 rows. Three of the eight address lines (А; through А.) are decoded by the 
column decoder (often called the X decoder) to select four of the 32 columns. 
Actually, the X decoder consists of four 1-of-8 decoders (data selectors) as shown. 

The result of this structure is that when an eight-bit address code (Ay through 
А.) is applied, a four-bit data word appears on the data outputs when the chip- 
select lines (S, and 55) are LOW to enable the output buffers. 

This type of internal structure (architecture) is typical of IC ROMs of 
various capacities. In fact, the 74187 ROM has this exact configuration. 


A Small-Capacity ROM 


Figure 10-14 shows the logic symbol for a 7488 as an example of a bipolar ROM. It 
is organized as a 32X8 memory; that is, it has 32 address locations, each of which 
has eight bits of storage. A five-bit address on inputs A, through A, selects one of 
the 32 locations (0 through 31); A LOW on the 5 input enables (EN) the device and 
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Y decoder 
(1-of-32) 


[c 
тил 
кыйы, 
32Х32 
Memory array 
EM 


32 column 
lines 


X decoder 
(Quad 1-of-8) 


FIGURE 10-13 Internal structure of a typical ROM. This particular example is a 1024-bit 
ROM with a 256X4 organization. 


FIGURE 10-14 Logic symbol TET 


for the 7488 256-bit bipolar 
ROM. 0 о 
А! 0, 
мак ^2 Q3 


94| Data 
Q5 | outputs 
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places the selected data byte on the outputs (О, through Оз). This enable input is 


called the chip select. 
This ROM can be programmed to user specifications by the manufacturer. 


A Large-Capacity ROM 


As a comparison with the small bipolar ROM just discussed, the TMS47256 (TI) is 
an example of a large-capacity MOS ROM. It can store 262,144 bits with a 
32,768X8 (32K X8) organization. That is, it has 32,768 address locations with eight 
bits at each location. 

Figure 10-15 is a logic symbol for this device. Notice that it has 15 address 
lines. These are required to address the 32,768 locations (2!5 = 32,768). There is 
an active-LOW chip select, $;, and on this particular device, a chip enablelpower 
down input, E. These inputs work as follows: S, and E must both be LOW to 
enable the memory output. When E is HIGH, the device is put into a low power. 
standby mode that reduces the current drain on the dc power supply. 


FIGURE 10-15 Logic symbol ROM 


for the TMS47256 MOS static у 0\22-768Х8 
КОМ. ү 
42 
Ay 
А4 
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Ақ v Q4 
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Aw v ue Qs 
Au v e 
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ШЕ 
Aig 14 
Po IPWR DWN] 
5, (22) 
У Three-state output 
Three-State Outputs and Buses 
At this point, it is convenient to introduce the concept of the three-state output, 


which is commonly found on memory devices such as the ROM just presented. 
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The three-state outputs are indicated on logic symbols by a small inverted triangle 
(V), as shown in Figure 10-15, and are used for compatibility with bus structures 
such as those found in microprocessor-based systems. 

Physically, a bus is a set of conductive paths that serves to interconnect two 
or more functional components of a system or several diverse systems. Elec- 
trically, a bus is a collection of voltages, levels, and signals that allow the various 
devices connected to the bus to work properly together. 

For example, a microprocessor is connected to memories and input/output 
devices by certain bus structures. This is illustrated by the block diagram in 
Figure 10-16. An address bus allows the microprocessor to address the memories, 
and the data bus provides for transfer of data between the microprocessor, the 
memories, and the input/output devices. The control bus allows the micro- 
processor to control data flow and timing for the various components. 


FIGURE 10-16 Block diagram 
of a basic microcomputer system 
with bus interconnections. 


Address bus (unidirectional) 


Input/Output ij 
(1/0) 


The physical bus is symbolically represented by wide lines with arrow heads 
indicating direction of data movement. Buses can also be used to interconnect 
various test instruments or other types of electronic systems. 


Three-state interface to the bus In a typical application, several devices are 
connected to one bus, for example, a microprocessor, a RAM, and a ROM. For 
this reason, three-state logic circuits are used to interface digital devices such as 
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memories to a bus. Figure 10-17(а) shows the logic symbol for a noninverting 
three-state buffer with an active-HIGH enable. Part (b) of the figure shows one 
with an active-LOW enable. 


Input Output Input Output 
Enable Enable 
(a) Active-HIGH enable (b) Active-LOW enable 


FIGURE 10-17 Three-state buffer symbols. 


The basic operation of a three-state buffer can be understood in terms of 
switching action as illustrated in Figure 10-18. When the enable input is active, 
the gate operates as a normal noninverting circuit. That is, the output is HIGH 
when the input is HIGH and LOW when the input is LOW, as shown in parts (a) 
and (b). The HIGH and LOW levels represent two of the states. The buffer 
operates in its third state when the enable input is not active. In this state, the 
circuit acts as an open switch and the output is completely disconnected from the 
input, as shown in part (c). This is sometimes called the high-impedance or high-Z 
state. 


LOW or Disconnected 
HIGH HIGH LOW LOW HIGH = (higl-Z) 
HIGH HIGH LOW 


(a) (b) (c) 


FIGURE 10-18  Three-state buffer operation. 


Many microprocessors, memories, and other integrated circuit functions 
have three-state buffers that serve to interface with the buses. This is necessary 
when two or more devices are connected to a common bus. To prevent the 
devices from interfering with each other, the three-state buffers are used to 
disconnect all devices except the ones that are communicating at any given time. 


ROM Access Time 


A typical timing diagram that illustrates ROM access time is shown in Figure 
10-19. The access time, t,, of a ROM is the time from the application of a valid 
address code on the inputs until the appearance of valid output data. Access time 
can also be measured from the activation of chip select (S) to the occurrence of 
valid output data when a valid address is already on the inputs. 


480 MEMORIES 


Lus Address transition 


VALID ADDRESS 
ON INPUTS 


m 1 VALID DATA 
QUO) ON OUTPUTS 


bes Data output transition 


FIGURE 10-1» KOM access time (t,) from address change to data output with chip 
enable already active. 


A ROM Application 


As mentioned before, some ROMs are programmed to perform widely used 
functions and are available “off the shelf." Examples are the 74184, a ROM 
device programmed as a BCD-to-binary converter, and the 74185, a ROM device 
programmed as a binary-to-BCD converter. Logic symbols for these devices used 
as six-bit converters are shown in Figure 10-20, and Figures 10-21 and 10-22 
show how these devices can be expanded for conversions involving larger num- 


bers of bits. 
BCD 
BCD/BIN BIN/BCD 
d EN G 
LSD 
BIN 
А 
B 
BIN 
с MSD 
D 
E 
(a) The 74184 six-bit BCD-to-binary (b) The 74185 six-bit binary-to-BDC 
converter converter 


FIGURE 10-20 ROM devices programmed for specific conversions. 
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BCD 


LSD 
BIN 


MSD 


FIGURE 10-21 74/845 expanded for conversion of two BCD digits to binary. 


С on BCD 
BIN/BCD 1 


BIN/BCD 


BIN 


FIGURE 10-22 741855 expanded for eight-bit binary-to-BCD conversion. 
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SECTION 1. What is the bit storage capacity of a ROM with a 512X4 organization? 


REVIEW 2. Explain the purpose of three-state outputs. 
10-2 3. How many address bits are required for a 2048-bit memory? 
10-3 PROGRAMMABLE ROMs (PROMs AND EPROMs) 


PROMs are basically the same as mask ROMs, once they have been programmed. 
The difference is that PROMs come from the manufacturer unprogrammed and 
are custom programmed in the field to meet the user’s needs. There are two 
general categories: PROMs and EPROMs. 


PROMs 


PROMs are available in both bipolar and MOS technologies and generally have 
four-bit or eight-bit output word formats with bit capacities ranging in excess of 
250,000. PROMs employ some type of fusing process to store bits, whereby a 
memory link is fused open or left intact to represent a 0 or a 1. The fusing process 
is irreversible. Once a PROM is programmed, it cannot be changed. 


Rows 


Columns 


FIGURE 10-23 Bipolar PROM array with fusible links. (All collectors are commonly 
connected to Усс.) 
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Figure 10-23 illustrates a bipolar PROM array with fusible links. The fuse 
links are manufactured into the PROM between the emitter of each cell’s tran- 
sistor and its column line. In the programming process, a sufficient current is 
injected through the fuse link to burn it open to create a stored 0. The link is left 
intact for a stored 1, 

Three basic fuse technologies are used in PROMs: metal links, silicon links, 
and PN junctions. A brief description of each of these follows: 


1. Metal links are made of a material such as nichrome. Each bit in the 
memory array is represented by a separate link. During programming, 
the link is either “blown” open or left intact. This is basically done by 
first addressing a given cell and then forcing a sufficient amount of 
current through the link to cause it to open. 

2. Silicon links are formed by narrow, notched strips of polycrystalline 
silicon. Programming of these fuses requires melting of the links by 
passing a sufficient amount of current through them. This amount of 
current causes a high temperature at the fuse location that oxidizes the 
silicon and forms an insulation around the now open link. 

3. Shorted junction or avalanche-induced migration technology consists 
basically of two PN junctions arranged back-to-back. During program- 
ming, one of the diode junctions is avalanched, and the resulting voltage 
and heat cause aluminum ions to migrate and short the junction. The 
remaining junction is then used аз a forward-biased diode to represent a 
data bit. 


PROM Programming 


A PROM is normally programmed by plugging it into a spécial instrument called a 
PROM programmer. Basically, the programming is accomplished as shown by the 
simplified setup in Figure 10-24. An address is selected by the switch settings on 


FIGURE 10-24 Simplified PROM programming setup. 
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the address lines, and then a pulse is applied to those output lines corresponding 
to bit locations where 0s are to be stored (the PROM starts out with all 1s). These 
pulses blow the fuse links, thus creating the desired bit pattern. The next address 
is then selected and the process is repeated. This sequence is done automatically 
by the PROM programmer. 


EPROMs 


An EPROM is an erasable PROM. Unlike an ordinary PROM, an EPROM can be 
reprogrammed by first erasing an existing program in the memory array. These 
devices use an NMOSFET array with an isolated gate structure. 

The isolated transistor gate has no electrical connections and can store an 
electrical charge for indefinite periods of time. The data bits in this type of array 
are represented by the presence or absence of a stored gate charge. Erasure of a 
data bit is a process that removes the gate charge. 

There are two basic types of erasable PROMs: the ultraviolet light erasable 
PROM (UV EPROM) and the electrically erasable PROM (EEPROM). 


UV EPROMs You can recognize this UV EPROM device by the transparent 
quartz lid on the package, as shown in Figure 10-25. The isolated gate in the FET 
of an ultraviolet EPROM is “floating” within an oxide insulating material. The 
programming process causes electrons to be removed from the floating gate. 
Erasure is done by exposure of the memory array chip to high-intensity ultraviolet 
radiation through the quartz window. This neutralizes the positive charge stored 
on the gate after several minutes to an hour of exposure time. 


FIGURE 10-25 Ultraviolet 
erasable PROM package. 
(Courtesy of Motorola Semicon- 
ductor Products) 


EEPROMs Electrically erasable PROMs can be both erased and programmed 
with electrical pulses. This type of device is also known as an electrically alterable 
ROM (EAROM). Since it can be both electrically written into and electrically 
erased, the EEPROM can be programmed and erased in-circuit for reprogram- 
ming. 

There are two types of EEPROMs: floating gate MOS and metal-nitride- 
oxide-silicon (MNOS). The application of a voltage on the control gate in the 
floating gate structure permits the storage and removal of charge from the floating 
gate. 
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A Specific PROM 


The TMS2516 is an example of a MOS EPROM device. Its operation is represen- 
tative of that of other typical EPROMs. As the logic symbol in Figure 10-26 
shows, this device has 2048 addresses (2!! = 2048), each with eight bits. Notice 
that the eight outputs are three-state (V). 


FIGURE 10-26 The logic sym- 
bol for a ТМ52516 PROM. 


EPROM 
2048X8 


^» Q: 
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Ис = +5 V Pin 24 
т Ирр = +5 V Ріп 21 
5 Их = рпа Pin 12 


To read from the memory, the select input (5) must Бе LOW and the power 
down/program (PD/PGM) input LOW. (The power-down mode was mentioned 
` earlier in. relation to the TMS47256 ROM.) To erase the stored data, the device is 
exposed to high-intensity ultraviolet light through the transparent lid. A typical 
12 mW/cm? filterless UV lamp will erase the data in about 20 to 25 minutes. As in 
most EPROMs after erasure, all bits are 1s. Normal ambient light contains the 
correct wavelength of UV light for erasure. Therefore, the transparent lid must be 
kept covered. 

To program the device, +25 V dc is applied to Vpp (which is normally 
+5 V), and 5 is HIGH. The eight data bits to be programmed into a given address 
are applied to the outputs (Q, through Qs), and the address is selected on inputs 
Ао through Ajo. Next, a 10-ms to 55-ms wide HIGH level pulse is applied to the 
PD/PGM input. The addresses can be programmed in any order. 

A timing diagram for the programming mode is shown in Figure 10-27. 

These signals are normally produced by an EPROM programmer. 
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Data to 
be programmed in , 
| | 
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| | 


FIGURE 10-27 Timing diagram for TMS2516 PROM programming cycle, with critical 
setup times (t,) and hold times (t,) indicated. 


SECTION 
REVIEW 
10-3 


10-4 


1. How do РКОМ$ differ from ROMs? 
2. After erasure, all bits are (1s, 05) in a typical EPROM. 
3. What is the normal mode of operation for a PROM? 


READ/WRITE RANDOM ACCESS MEMORIES (RAMs) 


Data can be readily written into and read from a RAM at any selected address in 
any sequence. When data are written into a given address in the RAM, the data 
previously stored at that address are destroyed and replaced by the new data. 
When data are read from a given address in the RAM, the data at that address are 
not destroyed. This nondestructive read operation can be thought of as “copying” 
the contents of an address while leaving the contents intact. 


The Static RAM Cell 


As mentioned before, the storage cells in a static RAM are either bipolar or MOS 
latches. Once a data bit is stored in a cell, it remains indefinitely (unless power 15 
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lost or a new data bit is written in). Because data are lost if the power to the 
memory is lost, a static RAM is a type of volatile memory. 

Figure 10-28 shows a functional logic diagram of a static RAM cell. The 
basic operation is as follows: The cell (or a group of cells) is selected by HIGHs on 
the ROW and COLUMN lines. When the READ/WRITE line is LOW (write), the 


COLUMN 


ROW 


DATA OUT 


DATA IN 


READ/WRITE 


FIGURE 10-28 A generalized logic diagram for a static RAM cell. A D-type latch can 
also be used to implement the static RAM cell. 
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FIGURE 10-29 Logic diagram for a 256X4 static RAM. 
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input data bit is written into the cell by setting the latch for a 1 and resetting the 
latch for a 0. When the READ/WRITE line is HIGH (read), the latch is un- 


affected, but the stored data bit (Q) is gated to the data-out line. 
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FIGURE 10-30 Basic structure of a 256X4 static RAM. 
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Basic Structure of a Static RAM 


RAMs are addressed in basically the same way as ROMs. The main difference 
between the structures of RAMs and ROMs is that RAMs have data inputs and a 
read/write control. 

To illustrate the generalized structure of a RAM, a 1024-bit device with a 
256X4 organization is used. The logic symbol is shown in Figure 10-29 (p. 487). 

In the read mode (R/W HIGH), four data bits from the selected address 
appear on the data outputs when the chip select (CS) is LOW. In the write mode 
(R/W LOW), the four data bits that are applied to the data inputs are stored at the 
selected address. 

Although the 256X4 organization of this device implies that there are 256 
rows and 4 columns, the memory cell array actually is a 32X32 matrix (32 rows 
and 32 columns), as shown in Figure 10-30. 

The static RAM works as follows: Five of the eight address lines (Ay through 
А.) are decoded by the ROW decoder to select one of the 32 rows. Three of the 
eight address lines (A, through A) are decoded by the output column decoder. In 
the read mode, the output buffers are enabled (the input buffers are disabled), and 
the four data bits from the selected address appear on the outputs. In the write 
mode, the input data buffers are enabled (the output buffers are disabled), and the 
four input data bits are routed through the input data.selector by the address bits, 
A, through Аз, to the selected address for storage. The-chip select must be LOW 
during read and write. 

Variations of this basic structure and other RAM structures are possible, but 
this illustrates the basic static RAM operation and provides a comparison with the 
basic ROM structure.in Figure 10-13. 

A typical timing diagram for a read/write cycle is shown in Figure 10-31. 


R/W Read Write | Read 
Input | 
data D,-D, (У |) 
MD | Valid ( Valid ) 
(Three-stat) | (Three-state)| | (Three-state) 
aS) TZ tani) 
las): Access time, CS to Data ош горуу): Access time, R/W to Data out 
tsu: Setup time ty: Hold time 


FIGURE 10-31 Basic readlwrite cycle timing for the static RAM in Figure 10-30. 


(a) The 74189 64-bit RAM (TTL) 


[201-208 | Mode — | 
WRITE 
| Data output | — READ — | 


| High-impedance* | Device disabled 
High-impedance* | Output disabled 


*Three-state output 


(c) Truth table for the TMS4016 


(b) The TMS4016 16,384-bit RAM (MOS) 


FIGURE 10-32 Specific static RAMs. 
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Specific Static RAMs 


As an example of a small-capacity static RAM, the 74189 TTL RAM is intro- 
duced. A logic symbol is shown in Figure 10-32(а). 

This device has a 16X4 organization. The R/W input is HIGH for read and 
LOW for write. The four address inputs select one of the 16 four-bit locations. The 
chip select, $, must be LOW for memory operation. 

Because its capacity is small, the internal structure of this particular device 
is simpler than that discussed for the generalized RAM. For example, it does not 
have both ROW and COLUMN decoders. It has a ROW decoder (16 rows) only, 
because the array is actually a 16X4 matrix. 

Another example of a static RAM is the TMS4016, which is a MOS device. 
As shown by the logic symbol in Figure 10-32(b), this memory has a 2048X8 
organization; that is, there is storage capacity for 2048 eight-bit words. Since each 
memory location consists of eight bits, this is an example of a byte-organized 
static RAM (sometimes called byte-wide). 

There are eleven address inputs to select the 2048 locations. The data-in/ 
data-out (DQ, through DQ,) are bidirectional terminals that provide for both data 
input during write and data output during read. The operation of this device is 
specified in the table in Figure 10-32(c). 


The Dynamic RAM Cell 


Dynamic memory cells store a data bit in a small capacitor rather than in a latch. 
The advantage of this type of cell is that it is very simple, thus allowing very large 
memory arrays to be constructed on a chip at a lower cost per bit than in static 
memories. The disadvantage is that the storage capacitor cannot hold its charge 
over an extended period of time and will lose the stored data bit unless its charge 
is refreshed periodically. This process of refreshing requires additional memory 
circuitry and complicates the operation of the dynamic RAM. Figure 10-33 shows 
a typical dynamic cell consisting of a single MOS transistor and a capacitor. 


FIGURE 10-33 A dynamic COLUMN (bit line) 
MOS RAM cell. 
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In this type of cell, the transistor acts as a switch. The basic simplified 
operation is illustrated in Figure 10-34 and is as follows: A LOW on the R/W line 
(write mode) enables the three-state input buffer and disables the output buffer. 
To write a | into the cell, the Dj, line is HIGH, and the transistor is turned on by a 
HIGH on the ROW line. The transistor acts as a closed switch connecting the 
capacitor to the BIT line. This allows the capacitor to charge to a positive voltage 
as shown in Figure 10-34(a). When a 0 is to be stored, a LOW is applied to the Din 
line. The capacitor remains uncharged, or if it is storing a 1, it discharges as 
indicated in Figure 10-34(b). When the ROW line is taken back LOW, the 
transistor turns off and disconnects the capacitor from the BIT line, thus ''trap- 
ping” the charge (1 or 0) on the capacitor. 

To read from the cell, the R/W line is HIGH, enabling the output buffer and 
disabling the input buffer. When the ROW line is taken HIGH, the transistor turns 
on and connects the capacitor to the BIT line and thus to the output buffer (sense 
amplifier), so the data bit appears on the data-output line (Dour). This is illus- 
trated in Figure 10-34(c). fis 

To refresh the memory cell, the R/W line is HIGH, the ROW line is HIGH, 
and the REFRESH line is HIGH. The transistor turns on, connecting the capaci- 
tor to the BIT line. The output buffer is enabled, and the stored data bit is applied 
to the input of the refresh buffer which is enabled by the HIGH on the REFRESH 
input. This produces a voltage on the BIT line corresponding to the stored bit, 
thus replenishing the capacitor as illustrated in Figure 10-34(d). 


Basic Structure of a Dynamic RAM 


As you have seen, the main difference between dynamic RAMs and static RAMs 
is the type of memory cell. Because the dynamic memory cell requires refreshing 
to retain data, additional circuitry is necessary. Several specific features common 
to most dynamic RAMs are now discussed. (Sometimes dynamic RAMs are called 
DRAMs.) 


Address multiplexing Most dynamic RAMs employ a technique called address 
multiplexing to reduce the number of address lines and thus the number of input/ 
output pins on the package. Figure 10-35 shows a block diagram of a 16K (16,384) 
dynamic RAM which has been simplified to illustrate address multiplexing. This 
example memory has a 16K X1 organization (it stores 16,384 one-bit words). 
The fourteen-bit address (2!^ = 16,384) is applied seven bits at a time to the 
address inputs. First, the seven-bit ROW address is applied, and the RAS (row 
address strobe) latches the seven bits into the row address latch. Next, the seven- 
bit COLUMN address is applied to the address inputs, and the CAS (column 
address strobe) latches these seven bits into the column address latch. The seven- 
bit ROW address and the seven-bit COLUMN address are then decoded to select 
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FIGURE 10-35 Simplified block diagram of a 16К dynamic КАМ. 


the appropriate memory cell for a read or write operation. The basic timing for this 
address multiplexing operation is shown in Figure 10-36. 


Memory refresh АП dynamic RAMs require a refresh operation. The refresh 
logic can be either internal or external to the memory chip. Figure 10-37 shows а 
block diagram for the same basic generalized 16K memory just discussed, with the 
addition of refresh logic and somewhat greater detail. 

In its simplest form, the memory refresh operation sequentially refreshes 
each row of cells, one row after the other, until all rows are refreshed. This is 
called burst refresh and must be repeated every 2 ms to 4 ms ina typical dynamic 
RAM. During refresh, data cannot be written into or read from the memory. 


FIGURE 10-36 Timing for address multiplexing in Figure 10-35. 
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FIGURE 10-37 А typical dynamic RAM with basic refresh circuitry. 


Another basic refresh method distributes the row refresh operations be 
tween the read and write operations, rather than doing them all at once in a burst. 
Still, each row must be refreshed within the specified refresh period. 

Now let's see how refresh works in the memory of Figure 10-37. When a 
refresh operation is initiated, the seven output lines from the refresh counter go 
into the data selector (MUX) and are selected by the refresh control and applied to 
the row decoder in place of the row address lines. 

The refresh counter is started and sequences through all of its states (0 
through 127). Each row is sequentially selected, and the RAS signal causes each 
cell in each row to be refreshed, as previously discussed. Meanwhile, the CAS 
signal is HIGH, disabling the output buffer so that the changing data do not appear 
on the outputs as the rows are refreshed. When the refresh counter reaches its 
terminal count, the refresh operation terminates, and the memory is available for 
normal read/write cycling. A basic timing diagram illustrating the refresh opera- 
tion is shown in Figure 10-38. 


496 


MEMORIES 


ЫЕ т CTT 
Ком addresses | | 
refresh 
counter 
y l Refresh 


rown + 1 


FIGURE 10-38 Basic refresh timing diagram for a portion of the complete memory 
refresh operation. 


A Specific Dynamic RAM 


The TMS4164 is а 65,536-bit (64K) dynamic RAM. It is organized as a 64KX1 
memory. The logic symbol is shown in Figure 10-39. There are eight address lines 
(A, through A;), a row address strobe (RAS), a column address strobe (CAS), and 
the read/write input (W). The data input is D, and the data output is О. This device 
uses a single +5-V supply. 

When RAS goes LOW, the eight row address bits are latched into the RAM. 
Next the column bits are latched in when CAS goes LOW. A read cycle is initiated 
when W is HIGH, and a write cycle is initiated when W is LOW. 

Larger-capacity dynamic RAMs with 256K bits, such as the TMS4256, are 
also commonly used. Also, 1M-bit dynamic RAMs are currently available. 


FIGURE 10-39 Logic symbol RAM 64KXI 
for a TMS4164 64КХІ dynamic 
RAM. 
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SECTION 1. Explain the basic difference between static RAMs and dynamic RAMs. 


REVIEW 2. What is the reason for the refresh operation in dynamic RAMs? 
10-4 
10-5 MEMORY EXPANSION 


Many RAMs are available in one-bit and four-bit word organizations as well as 
larger word sizes. In many applications, word sizes of eight bits or sixteen bits are 
required, and therefore the expansion of memory chips to increase the word size 
is necessary. 

For example, a 16K X1 memory such as the one previously discussed can be 
expanded to а 16KX2 memory by connecting two memory chips as shown in 
Figure, 10-40. Notice that the devices are essentially connected in parallel. The 
word capacity is still 16K, but the word size has been increased from one bit to 
two bits. 


RAM 16КХ! 


RAM 16КХ! 


FIGURE 10-40 Two /6КХ! RAMs expanded to form a 16KX2 RAM. 
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EXAMPLE Show how to expand the 16KX1 dynamic RAM to obtain a word length of four 
10-2 bits. 


RAM 16KX1 


КАМ 16КХ! 


КАМ 16КХ1 


КАМ I6KXI 


FIGURE 10-41 Expansion of 16КХ1 RAMs to form а 16KX4 RAM. 
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Solution Four memories are connected as shown in Figure 10-41. | 


In addition to expansion to increase word size, memories can also be 
expanded to increase word capacity. For example, a 16KX4 memory has a 16K 
word capacity; that is, it can store 16,384 four-bit words. To expand to a word 
capacity of 32K (32,768) four-bit words, two 16KX4 memories are connected as 
shown.in Figure 10-42. Notice that the seven multiplexed address lines (Ао 


КАМ 16КХ4 


КАМ 16КХ4 


FIGURE 10-42 Two 16KX4 RAMs expanded to form a 32KX4 RAM. 
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through Аз) go to both memories and an eighth (MSB) address line, A,, uses the 
chip select to enable memory 1 when it is 0 and memory 2 when it is 1. Therefore, 
memory addresses 0 through 16,383 are located in memory 1, and addresses 
16,384 through 32,767 are located in memory 2. Because both memories have 
three-state outputs and one memory is disabled at all times, the corresponding 
output data lines can be connected together as shown. 


SECTION 1. How many 16КХ1 RAMs are required to achieve a memory with a word 

REVIEW capacity of 16K and a word length of eight bits? 

10-5 2. To expand the 16KX8 memory in Problem 1 to a 32KXS8 organization, how 
many more 16KX1 КАМ$ are required? 


10-6 MAGNETIC BUBBLE MEMORIES (MBMs) 


In an MBM, data bits are stored in the form of magnetic *‘bubbles’’ moving in thin 
films of magnetic material. The bubbles are actually cylindrical magnetic domains 
whose polarization is opposite to that of the thin magnetic film in which they are 
embedded. 


The Magnetic Film 


When a thin film of magnetic garnet is viewed by polarized light through a 
microscope, a pattern of '*wavy"' strips of magnetic domains can be seen. [п one 
set of strips, the tiny internal magnets point up, and in the other areas, they point 
down. As a result, one set of strips appear bright and the other dark when exposed 
to the polarized light. This is illustrated graphically in Figure 10-43(a). 

Now, if an external magnetic field is applied perpendicular to the film and 
slowly increased in strength, the wavy domain strips whose magnetization is 
opposite to that of the external field begin to narrow. This is illustrated in Figure 
10-43(b). At a certain magnitude of external field strength, all these domains 
suddenly contract into small circular areas called ‘‘bubbles,’’ as shown in part (c). 
These bubbles typically are only a few micrometers in diameter and act as tiny 
magnets floating in the external field. The bubbles can be easily moved and 
controlled within the film by rotating magnetic fields in the plane of the film or by 
current-carrying conductive elements. 


Moving the bubbles The bubbles can be made to move laterally in the film by the 
application of a magnetic field parallel to the film. To control the direction of 
movement, magnetic '*paths" are created by deposits of magnetically conductive 
material on the surface of the thin film in a specific pattern. 

For example, Figure 10-44 shows an asymmetrical chevron pattern. Various 
other patterns are also feasible. Imagine a magnetic field rotating counterclock- 
wise, parallel with the thin garnet film. At successive points in its rotation, the 
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(a) No external magnetic field — wide magnetic domains. 


(b) Small magnetic field — positive magnetic domains shrink. 
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(с) Large magnetic field — bubbles form. 
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FIGURE 10-43 Creation of magnetic bubbles in a thin magnetic film by application of an 
external magnetic field. 


magnetic field is pointing right, down, left, and up as illustrated. As this happens, 
the chevrons are polarized in the direction of rotation of the magnetic field. 
When a bubble is introduced at the right end of the chevron pattern, it moves 
step by step to the left as the field rotates. In one complete revolution of the field, 
a bubble moves from a position between two chevrons to a corresponding position 
between the next two chevrons, as illustrated in Figure 10-45. So, as the magnetic 
field continues to rotate, the bubbles continue to move along the chevron paths. 


Physical Structure of an MBM 


A typical МВМ. assembly is shown in Figure 10-46. The main components are the 
thin film memory chip, the drive coils (orthogonal coils), the permanent magnets, 
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FIGURE 10-44 Chevron pattern in a rotating magnetic field. 
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FIGURE 10-45 Propagation of magnetic bubbles along a chevron pattern. 
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FIGURE 10-46 Construction of magnetic bubble memory. (Courtesy of Texas Instru- 
ments, Inc.) 


and the control electronics. These components are assembled into a case which 
serves as a shield to protect the device from disruptive external magnetic fields. 


Major/Minor Loop Architecture 


Loops in an MBM are in the form of continuous, elongated paths of chevron 
patterns. The major/minor loop arrangement consists basically of one major loop 
and many minor loops, as shown in Figure 10-47. 

In an MBM, 1s and 0s are represented by the presence or absence of 
bubbles. The minor loops are essentially the memory cell arrays that store the 
data bits. The major loop is primarily a path to get data from the minor loops, 
where it is stored to the output during read, and to get data from the input to the 
minor loops during write. 

Five control functions are used in the read/write cycles of an MBM. These 
are generation, transfer, replication, annihilation, and detection. 


The Read Cycle 


Data are read from the MBM in blocks called pages. Basically, a page consists of 
a number of bits equal to the number of minor loops. For example, a typical MBM 
may have 150 minor loops, each of which is capable of storing 600 bits. In this 
case, the page size is 150 bits. 

Each bit in a given page occupies the same relative location in each minor 
loop. During read, all of the bits in a page of data are shifted to the transfer gates 
and onto the major loop at the same time. Then they are serially shifted around the 
major loop to the replicatorlannihilator where each bubble is "stretched" by the 
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FIGURE 10-47 Major/minor loop architecture (greatly simplified). 


replicator until it “‘splits’’ into two bubbles. One of the replicated bubbles (or no 
bubble, as the case may be) is transferred to the detector where the presence or 
absence of the bubble is sensed and translated to the appropriate logic level to 
represent a l ora 0. The other replicated bubble continues along the major loop 
and is transferred back onto the appropriate minor loop for storage. This process 
continues until each bit in the page is read. The replication/detection process 
results in a nondestructive readout. 


The Write Cycle 


Before a new page of data can be written into an address, the data currently stored 
at that address must be annihilated. This is done by a destructive readout in which 
the bubbles are not replicated. Now, the new page of data is produced by the 
generator one bit at a time. Each bit is injected onto the major loop until the entire 
page of data has been entered. It is then serially moved into position and trans- 
ferred onto the minor loops for storage. 


Applications 


MBMs are capable of storing large amounts of data (up to 1 million bits). They аге 
also nonvolatile so data are not lost if the power goes off. Because of these 
features, MBMs are competitive with semiconductor memories in many applica- 
tions. The main disadvantage is that it takes much longer to get data into and out 
of an MBM compared to semiconductor memories because MBMs are serially 
accessed rather than randomly accessed. Typically, higher-capacity MBMs use an 
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architecture called block replicate rather than the major/minor loop structure. 
This, however, is beyond our scope of coverage. 


SECTION 1. Name the two types of loops in an MBM. 


REVIEW 2. How are 1$ and 0$ represented? 
10-6 3. What is a disadvantage of MBMs compared to semiconductor memories? 
10-7 MAGNETIC SURFACE STORAGE DEVICES 


In addition to the magnetic bubble memory, there are several other types of 
magnetic memories in use, including disks and tapes. These devices use a mag- 
netic surface moving past a read/write head to store and retrieve data. 

A simplified diagram of the magnetic surface read/write operation is shown 
in Figure 10-48. A data bit (1 or 0) is written on the magnetic surface by 


Write heaa Read head 


Output voltage pulse 


+ 


Moving magnetic surface Magnetized spot 
(a) (b) 


Write head Read head 


(с) 


FIGURE 10-48 Readlwrite function оп а magnetic surface. 
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magnetizing a small segment of the surface as it moves by the write head. The 
direction of the magnetic flux lines is controlled by the direction of the current 
pulse in the winding as shown in Figure 10-48(a). At the air gap in the write head, 
the magnetic flux takes a path through the surface of the storage device. This 
magnetizes a small spot on the surface in the direction of the field. A magnetized 
spot of one polarity represents a binary 1, and one of the opposite polarity 
represents a binary 0. Once a spot on the surface is magnetized, it remains until 
written over with an opposite magnetic field. i 

When the magnetic surface passes a read head, the magnetized spots pro- 
duce magnetic fields in the read head which induce voltage pulses in the winding. 
The polarity of these pulses depends on the direction of the magnetized spot and 
indicates whether the stored bit is a | or a 0. This is illustrated in Figure 10-48(b). 
Very often the read and write heads are combined into a single unit as shown in 


part (c). 


Magnetic Recording Formats 


Several ways in which digital data can be represented for purposes of magnetic 
surface recording are return-to-zero (RZ), non-return-to-zero (NRZ), biphase, 
Manchester, and the Kansas City standard. These waveform representations are 
separated into bit times, the intervals during which the level or frequency of the 
waveform indicates a 1 or 0 bit. These bit times are definable by their relation to a 
basic system timing signal or clock. 

Figure 10-49 shows an example of a return-to-zero (RZ) waveform. In this 
case, a fixed-width pulse occurring during a bit time represents a 1, and no pulse 
during a bit time is a 0. There is always a return to the 0 level after a 1 occurs. The 
period of the clock waveform determines the bit time interval. 


ато 
КУ МЕ | 
FIGURE 10-49 Ал RZ waveform representing 101011000111. 

Figure 10-50 illustrates a non-return-to-zero (NRZ) waveform. In this case, 


a 1 or 0 level remains during the entire bit time. If two or more Is occur іп 
succession, the waveform does not return to the 0 level until a 0 occurs. 
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FIGURE 10-50 An NRZ waveform representing 101011000111. 
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Figure 10-51 is an illustration of a biphase waveform. In this type, a 1 is a 
HIGH level for the first half of a bit time and a LOW level for the second half, so a 
HIGH-to-LOW transition occurring in theimiddle of a bit time is interpreted as a 
1. A 0 is represented by a LOW level during the first half of a bit time followed by 
a HIGH level during the second half, so a LOW-to-HIGH transition in the middle 
of a bit time is interpreted as а 0. 


Bittime | 1|213141516|718]|9/10|11|12] 
| | 7 | 


|, | | 
Rupe КЕД АШ КӨ 07:9 [7p А 
FIGURE 10-51 А biphase waveform representing 101011000111. 
Manchester is another type of phase encoding in which a HIGH-to-LOW 


transition at the start of a bit time represents a 0 and no transition represents a 1. 
Figure 10-52 illustrates a Manchester waveform. 
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FIGURE 10-52 A Manchester waveform for 101011000111. 
The Kansas City method uses two different frequencies to represent 15 and 


0$. The standard 300 bits/second version uses eight cycles of 2400 Hz to represent 
a 1, and four cycles of 1200 Hz to represent a 0. This is illustrated in Figure 10-53. 


Bit times | 1 | 2 | 3 | 4 | 
| 
| 1 | 0 | 1 | 0 | 


FIGURE 10-53 A Kansas City standard code for 1010. 


We have all seen the tape cassettes used in small microcomputer systems to 
store data. Larger reel-type systems are used in many large computer systems. A 
typical tape format with nine tracks (some have seven) is shown in Figure 
10-54(a). There is a separate read/write head for each track as indicated. The tape 
is divided in records with gaps between records for the starting and stopping of 
the tape. A record is organized into a format such as shown in Figure 10-54(b). 
The marker indicates the beginning of a record, the ID specifically identifies the: 
record, and the stored data then appear followed by a checksum. 
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Read/Write heads 


(а) 
FIGURE 10-54 Typical tape format. 


The checksum is the arithmetic sum of all the bytes in a record and is used by 
the computer to check for errors in the data as they are being taken from the tape. 
This is basically done by adding the data bytes as they are read from the tape and 
comparing this figure to the checksum. 


The Floppy Disk 


The floppy disk (diskette) is a small flexible, Mylar® disk with a magnetic surface. 
It is permanently housed in a square jacket for protective purposes as shown in 
Figure 10-55. 

The surface of the disk is coated with a thin magnetic film in which binary 
data are stored in the form of minute magnetized regions. There are cutout areas 


Jacket 
Disk (inside) 


for read/write 


FIGURE 10-55 A floppy disk in a jacket. 
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in the jacket for the drive spindle, read/write head, and index position sensor. The 
index hole establishes a reference point for all the tracks on the disk. As the disk 
rotates at 360 rpm within the stationary jacket, the read/write head makes contact 
through the access window. 

A typical 52-inch floppy disk is organized into 77 tracks, as shown in Figure 
10-56(a). The disk is divided into 26 sectors, as shown in Figure 10-56(b), so that 
each of the 77 tracks is also divided into 26 equal-sized sectors. The longer outside 
track has the same number of sectors and the same sector length às does the 
shorter inside track. There is just more unused space between sectors in the 
longer track. Notice that the index hole appears between the first and the last 
sectors. 


Track 1 
Track 2 


Track 3 


Track 77 


(a) (b) 
FIGURE 10-56 Track and sector organization. 


Each sector can store 128 bytes of data. (Typically, 1 byte represents orie 
character or numeral.) The total storage capacity of the disk is therefore 


(128 bytes/sector)(26 sectors/track)(77 tracks) = 256,000 bytes 


А typical sector format is shown in Figure 10-57, where each sector is 
divided into fields. The address mark passes the read/write head first and identi- 
fies the upcoming areas of the sector as the ID field. The ID field identifies the 
data field by sector and track number. The data mark indicates whether the 
upcoming data field contains a good record or a deleted record. The data field is 
the portion of the sector that contains the 128 data bytes. The average access time 


FIGURE 10-57 A typical sector format for one track of a floppy disk. 
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to a given sector is about 500 ms. This is much faster than for magnetic tape but 
much slower than the semiconductor memories. 

Both the ID field and the data field typically contain two bytes for cyclic 
redundancy check (CRC). These bytes provide for error detection. The CRC is 
computed by the disk controller with the recorded data, using a special algorithm. 
Then it is compared to the CRC recorded with the data. If they are not the same, 
there is an error. 


1. How are data bits stored on a magnetic surface? 
2. How many tracks are there on a typical 5}-inch floppy disk? 
3. What does CRC mean? 


SPECIAL MEMORIES AND APPLICATIONS 


Programmable Logic Arrays (PLAs) 


PLAs are similar in many ways to ROMs but are very different in terms of their 
internal structure. The PLA is either mask programmed (PLA) or field pro- 
grammed by the user (FPLA) to produce specified logic functions. 

Basically, a PLA consist of two arrays, one for AND logic and one for OR 
logic, and can be programmed to produce desired logic functions on the outputs. 
An example of a small PLA is shown in Figure 10-58. Each connection is mask 
programmable so that desired variables can be connected into each gate. This 
three-variable example is programmed to produce the indicated logic expressions 
by masking open certain connections. The masking process is done by the manu- 
facturer. 

A block diagram representing a specific PLA, the 74PL839, is shown in 
Figure 10-59. This device has fourteen inputs. The input buffer ( > ) provides the 
input variables and their complements on its outputs. The AND matrix ( & ) 
consists of 32 product terms (AND), and the OR matrix ( > ) consists of six OR 
terms. The AND and OR matrices can be programmed for the desired sum-of- 
products output functions. The fused inputs ( ~ ) to the AND matrix can be 
programmed for the true inputs, or their complements, or both. The exclusive-OR 
array (= 1) is for programming inversions of the output functions. This is accom- 
plished by programming the fused input ( ^ ). A fused input left connected to 
ground (0) results in the input bit remaining uncomplemented (1 Ф 0 = 1,000 = 
0). A fused input blown open (1) results in inversion of the input bit (1 © 1 = 0, 
0@1 = 1). К 


First In-First Out (FIFO) Memories 


This type of memory is formed by an arrangement of shift registers. The term 
FIFO refers to the basic operation of this type of memory, in which the first data 
bit written into the memory is the first to be read out. 


Programmable 
connections 


Programmable 
еы 
connections 


1 
1 I 1 
1 


FIGURE 10-58 Simple example of a РГА. ‘ 


Output 


Input 
functions 


variables 


Input buffer AND matrix OR matrix Exclusive-OR 
Output 


^v denotes programmable fused inputs. 


FIGURE 10-59 Block diagram of a 74PL839 PLA. S 
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There is one important difference between a conventional shift register and a 
FIFO memory register: In a conventional register, a data bit moves through the 
register only as new data bits are entered; but in a FIFO register, a data bit 
immediately goes through the register to the right-most bit location that is empty. 
This is illustrated in Figure 10-60. 


Conventional shift register FIFO shift register 


X = unknown data bits. — = empty positions. 
In a conventional shift register. In a FIFO shift register, data 
data stay to the left until "forced" “fall” through (go right). 
through by additional data. 


FIGURE 10-60 Comparison of conventional and FIFO register operation. 


Figure 10-61 is a block diagram of a typical FIFO serial memory. This 
particular memory has four serial 64-bit data registers and a 64-bit control register 
(marker register). When data are entered by a shift-in pulse, they move automati- 
cally under control of the marker register to the empty location closest to the 
output. Data cannot advance into occupied positions. However, when a data bit is 
shifted out by a shift-out pulse, the data bits remaining in the registers automati- 
cally move to the next position toward the output. In an asynchronous F IFO, data 
are shifted out independent of data entry with the use of two separate clocks. 


Memory array stores 


gm 64 four-bit data words 
РАЗА 


Dh ро; 
Data / Di, DO, | Data 
input | DI, DO, output 
Dh DO, 


Shift 
in (SD 


FIGURE 10-61 Block diagram of a typical FIFO serial memory. 
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Applications 


One important application area for the FIFO is the case in which two systems of 
differing data rates must communicate. Data can be entered into a FIFO at one 
rate and be put out at another rate. Figure 10-62 illustrates how a FIFO might be 
used in these situations. 


ШОИ НШ 8 LLL EL T 


(a) Irregular telemetry data can be stored and retransmitted 
at a constant rate. 


po м 


(b) Data input at a slow keyboard rate can be stored and 
then transferred at a higher rate for processing. 


LILY BENE ш ш ш 


(с) Data input at a steady rate can be stored and then 
output in even bursts. 


Ш Ш Ш E Шиш 


(d) Data in bursts can be stored and reformatted into a 
steady-rate output. 


FIGURE 10-62 The FIFO in data-rate buffering applications. 


CCD Memories 


The CCD (charge-coupled device) memory stores data as charges on capacitors. 
Unlike the dynamic RAM, however, the storage cell does not include a transistor. 
High density is the main advantage of CCDs. 

The CCD memory consists of long rows of semiconductor capacitors, called 
channels. Data are entered into a channel serially by depositing a small charge for 
a 0 and a large charge for a 1 on the терн en hoy a D are then 

i annel by clock signals as more data are en i 
m with я Feind RAM, the charges must be refreshed periodically. This 
process is done by shifting the charge packets serially through a refresh circuit. 
Figure 10-63 shows the basic concept of a CCD channel. 


oc pa e race EE _ 
movement —. 


Substrate 


FIGURE 10-63 A CCD (charge-coupled device) channel. 
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SECTION 1. A PLA consists of arrays of 


REVIEW 2. What is a FIFO memory? 
10-8 3. What does the term CCD stand for? 
10-9 TROUBLESHOOTING 


In this section, a specific memory problem is presented, and a specific trou- 
bleshooting approach using a logic analyzer is used to isolate the problem. The 
intent here is not to cover all details of the approach or of the use of a logic 


Labels assigned in the format Sample period and time/div are both Cursors can also be moved 
specification automatically displayed for convenience. Magnification is together with a single control 
appear on the appropriate selectable and can be centered about either for simple time-interval 
channels. This greatly cursor. Independent control of X and O comparison measurements. 
simplifies measurement cursors provides complete flexiblity for time 

interpretation and minimizes interval measurements. 


the chance for errors. 


Timing Waveform Diagrai 


Sample Period [017] 

Magnification [2] 250.0 ns/div 
Magnify About 

Cursor Moves 


This dashed line indicates glitches, 
whether they appear on a static line or on an edge. 


FIGURE 10-64 An example of a timing analysis display on a logic analyzer. 
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analyzer, but only to give youa general idea of how this instrument can be used in 
a typical troubleshooting situation. 

Figure 10-64 shows an example timing format and the features of a typical 
logic analyzer display. 


The Problem 


Suppose that you are checking out a memory system and discover incorrect data 
out of a RAM. From your knowledge of this memory, you realize that if any 
address lines change during a write operation, erroneous data can result; so, you 
decide to check out this possibility. 


Qualifying a Transition with a Pattern 


You do not want to view just any address line transition. The only one of interest 
is the one (if any) that changes when the write enable is LOW. The trace 
specification on the logic analyzer can be set to qualify the transition with a 
pattern. For example, in this case the analyzer should trigger only if an address 
line transition occurs while the write enable (WE) is LOW, as shown in Figure 
10-65. 


Timing. Trace Specification 


[ELT Trace Mode 
Sample Period ЖТ) 
EAN Trace CIN [fI] After Trigger 


Label) WE ADDRS 


Base) (НЕХ (НЕХ ] 


Patten . D 
And Any 


Edge [8 
Valid Pattern Duration ) ЖЕ 


i ; the logic analyzer to trigger when 
GURE 10-65 This TRACE SPECIFICATION arms the ) rig 
id WEEE ENABLE line is low and there is either a positive or negative transition on any 


address line. 
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Figure 10-66 shows that the analyzer found the specified condition. Address 
line 0 makes a low-to-high transition when WE is LOW. The waveforms show that 
this does not occur each time WE is LOW, only intermittently. 


Timing Waveform Diagram .......... - 


Sample Period 10 п] 


' Magnifigation [El 1.000 ys div 
Magnify About {| 10.00 nsiclk 
Cursor Moves 0.0 «s x too 

x 
0 
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FIGURE 10-66 ADDRESS line 0 goes from low to high during WRITE ENABLE. How- 
ever, the display shows that it does not occur every cycle, indicating an intermittent 
problem. 


Measure the Time and Compare 


By magnifying the trace and using the dual cursors, you can measure the time 
interval between the address line transition and the positive transition of the WE 
line. Since in this example the interval is 150 ns, as Figure 10-67 shows, the 
problem is probably not caused by timing errors because of the length of the time 
interval. 

А second edge-to-edge transition interval can be checked by moving the 
cursors together. Figure 10-68 shows that the intervals are the same. Because the 
problem is intermittent but occurs at the same point in a write cycle, a glitch is 
suspected. 

n this particular memory system under test, an address counter provides for 
the sequencing of the address lines. Therefore, the next step is to check out this 
address counter by looking at its clock, enable, and reset inputs. 


Timing Waveform Diagram 

Sample Period. [ТЛ ] 
Magnification 100.0 ns/div 
Magnity About 10.00: ns/clk 


Cursor Moves [ES] Dd : 1500 ns x too 


ADDAS 2 : ; 
ADDRS 3 | | Е. 


FIGURE 10-67 Using movable cursors, the time interval between the ADDRESS line 0 
transition and WRITE ENABLE going high is found to be 150 ns. This suggests something 


other than a.timing margin problem. 


Timing Waveform Diagram -~ 


Sample Period [EKE 
Magnification (1 0X)] " 
Magnify About 
Cursor Moves 


100.0 ns /div 
10.00 ns/clk-- 
150.0 ns x to o 


intervals in the first and third cycles, made by 
‘time window, '' shows that the two intervals 


FIGURE 10-68 Comparison of the time 
moving the two cursors simultaneously as a “ 


are the same. 
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Trigger on a Glitch with Pattern Qualification 


The analyzer can be armed to trigger on a glitch on any of the inputs to the address 
counter when the WE line is LOW. The resultant trace, shown in Figure 10-69, 
shows that there is indeed a glitch on the clock input to the address counter, and it 
occurs just prior to the unwanted transitions of address line 0. The problem is now 
basically isolated to the clock line of the counter. An investigation of the clock 
source must be made to identify the exact cause of the problem. 


Timing Waveform Diagram 


Sample Period 10 по || 


Magnification [64] 100.0 ns/div 
Magnify About 10.00 ns/clk 
Cursor Moves 150.0 ns x too 


ADDRS 0 


FIGURE 10-69 Connecting to the address counter inputs reveals a glitch on the trailing 
edge of the CLOCK input. This occurs immediately preceding the transition on ADDRESS 
line 0 and is the source of the problem. 


SECTION 1. How are glitches indicated on the logic analyzer display? 
REVIEW 
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SUMMARY 
= M M————— 


Data are stored in a memory by a process called writing. 
Data are retrieved from a memory by a process called reading. 
The capacity of a memory is the total number of bits that it can store. 


ROMs are read only memories in which data are permanently or semipermanently 
stored. 
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RAMs (random access memories) are read/write memories. 

Nonvolatility means that a memory does not lose its data when power goes off. 
Volatility means that data are lost when power goes off. 

Each storage location in a memory is defined by a specific address. 

A word is a complete unit of binary data which can be any number of bits. A byte is 
eight bits of binary data. 

Semiconductor memories can be either bipolar or MOS. 

The three states of three-state logic are HIGH, LOW, and open (high impedance). 
Memory access time is the time required for valid data to appear on the outputs after 
the activation of the appropriate input. 

PROMs are user-programmable ROMs. EPROMs are erasable PROMs. 

RAMs can be either static or dynamic. A static RAM has latch storage cells. А 
dynamic RAM has capacitive storage cells. 

The organization of a memory is normally specified by the number of words (m) and the 
number of bits per word (п), as m X n. 

In a magnetic bubble memory (МВМ), data are stored as tiny magnetic domains called 
bubbles. Bubble memories are serially accessed. 

Two other types of magnetic memories are tape and disk. 

PLAs are programmable logic arrays in which AND-OR gate arrays can be mask 
programmed to produce specified logic functions. 

FIFOs are first in-first out memories in which the first bit written is the first bit read. 
CCD (charge-coupled device) memories use channels of semiconductor capacitors to 
store charges representing data bits. 


— i ————— — —— ————————— 


2. 
3. 


What is the bit capacity of a memory that has 512 addresses and can store 8 bits at 
each address? 

To retrieve data from a memory, a operation must be performed. 
(a) List three types of memories in the MOS ROM category. 

(b). List two types of memories in the bipolar ROM category. 

List two types of memories in (a) the MOS RAM category and (b) the bipolar RAM 
category. В 

How many bytes does а 32-bit data word contain? 

What is the purpose of the program counter in a microprocessor system? 

What is the purpose of the address buffer in a microprocessor system? 

How many bits can actually be stored in a 64K memory? 

What is the total capacity of a ROM with 1024 rows and 4 columns? 

How many address bits are required for a 512X4 memory? 

What does the chip-select input of a memory do? 

Explain the power down mode that is available on some memory devices. 

For a certain ROM, the access time from address to data output is 450 ns, and the 
access time from chip select is 200 ns. The chip select is activated 100 ns before the 
valid address is applied. How long after chip select do valid output data appear? 

A certain 256X4 RAM has an access time of 300 ns from address to data output. How 
long does it take to read data from all memory addresses if the address transition times 


are neglected? 
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15. Explain the purpose of the address latches in a dynamic RAM such as in Figure 10-35. 

16. What is the function of the refresh counter in Figure 10-37? 

17. How many 64K X4 RAMs are needed to form a 64K X8 memory? Is this an example of 
word-capacity expansion or word-length expansion? 

18. What are the storage sections in an MBM called? 

19. What is the purpose of checksum in a magnetic tape format? 

20. How does a PLA differ from a ROM? 


PROBLEMS 


Section 10-1 
10-1 Identify the ROM and the RAM in Figure 10-70. 


(a) (b) 
FIGURE 10-70 


10-2 Explain why RAMs and ROMs are both random access memories. | 
10-3 ^ Explain the purposes of the address bus, the data bus, and the control bus in а 
typical microprocessor-based system. 


10-4 What memory address (0 through 256) is represented by each of the following 
hexadecimal numbers: 
(a) ОА). ЗЕ в (0) CDs 


Section 10-2 
10-5 For the ROM array in Figure 10-71, determine the outputs for all possible input 
combinations, and summarize them in tabular form (light cell is a 1, dark cell is a 0). 
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FIGURE 10-71 


10-6 Determine the truth table for the ROM in Figure 10-72. 


FIGURE 10-72 


i rocedure similar to that 
single-digit BCD to Excess-3 code. 
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10-10 Expand the BCD-to-binary converter in Figure 10-22 to handle a nine-bit binary 
input. 


Section 10-3 

10-11 Assuming that the PROM matrix in Figure 10-74 is programmed by blowing a fuse 
link to create a 0, indicate the links to be blown to program an x? look-up table, 
where x is a number from 0 through 7. 

10-12 Determine the addresses that are programmed and the contents of each address 
after the programming sequence in Figure 10-75 is applied to a TMS2516 PROM. 


FIGURE 10-75 
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Section 10-4 
10-13 A static memory cell such as the one in Figure 10-28 is storing а 0 (RESET). What 
is its state after each of the following conditions: 


(a) ROW = 1, COLUMN = 1, DATA IN = 1, READ/WRITE = 1 
(b) ROW = 0, COLUMN = 1, DATA IN = 1, READ/WRITE = 1 
(с) ROW = 1, COLUMN = 1, DATA IN = 1, READ/WRITE = 0 


10-14 Draw a basic logic diagram for a 512X8-bit static RAM showing all the inputs and 
outputs. 

10-15 Assuming that a 512X8 static RAM has a structure similar to that of the 256X4 
RAM in Figure 10-30, determine the size of its memory cell array. 

10-16 Redraw the block diagram in Figure 10-37 for a 32K memory. 


Section 10-5 
10-17 Use 74189 16X4 RAMs to build a 64X8 RAM. Show the logic diagram. 


10-18 Use TMS4164 64K X1 dynamic RAMs to build a 256KX4 RAM. 
10-19 What is the word size in the memory of Problem 10-17? Problem 10-18? 


Section 10-6 

10-20 А certain MBM has 250 minor loops, each of which stores 1000 bits. What is the 
total bit capacity? What is the page size? 

10-21 What mechanism in an MBM permits nondestructive readout? 


Section 10-7 
10-22 Determine the sequence of bits represented by each of the waveforms in Figure 
10-76. 
RZ 
" [кн ДА x iu ERG аме. 
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FIGURE 10-76 
10-23 Repeat Problem 10-22 for the waveforms in Figure 10-77. 


Manchester 


Kansas City standard (5) 


FIGURE 10-77 
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Section 10-8 

10-24 Inthe simplified PLA in Figure 10-78, determine the points to be opened by mask 
programming in order to produce the e following logic functions: 
(а) АВС + ABC + АВС (b) A + BC (© A+B+C 


FIGURE 10-78 


10-25 Complete the timing diagram in Figure 10-79 by showing the output waveforms for 
a FIFO serial memory like that shown in Figure 10-61. 


Shift in SUSU п 
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FIGURE 10-79 
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ANSWERS TO SECTION REVIEWS 


Section 10-1 

1. ROM has only a read operation; RAM has both read and write operations. 

2. Data are not lost when power is removed. 

3. Static: the storage cells are latches and can retain data indefinitely. Dynamic: the 
storage cells are capacitors and must be refreshed periodically. 


Section 10-2 
1. 2048 bits. 2. Three-state allows outputs to be disconnected from bus lines. 
3. Eleven bits. 


Section 10-3 
1. PROMs are field-programmable; ROMs are not. a" fes: 3. Read. 


Section 10-4 

1. Static RAMs have latch or flip-flop storage cells that can retain data indefinitely. 
Dynamic RAMs have capacitive storage cells that must be periodically refreshed. 

2. The refresh operation prevents data from being lost due to capacitive discharge. A 
stored bit is restored periodically by recharging the capacitor. 


Section 10-5 
1. Eight 2. Sixteen 


Section 10-6 

1. Major loop, minor loop. 

2. 1 = presence of magnetic bubble; 0 = absence of magnetic bubble. 

3. MBMs are slower than semiconductor memories (it takes longer to get data in and out). 


Section 10-7 
1. Magnetized spots with specified polarities. 
2. TI 3. Cyclic redundancy check. 


Section 10-8 

1. AND gates and OR gates. 

2. In FIFO, the first bit (or data word) in is the first one out. 
3. Charge-coupled device. 


Section 10-9 
1. By short, vertical dashed lines. 


Interfacing is the process of making two or more 
electronic devices or systems operationally com- 
patible with each other so that they function 
together as required. Interfacing involves such 
considerations as input and output voltages and 
currents, loading, signal timing, and data and con- 
trol formats. 

Specific devices introduced in this chapter 
are the following: 


1. SN75160A interface bus trarsceiver 
2. TMS9914 bus controller — 

3. ADCOS01 analog-to-digital converter 
4. Bell 103 modem 

5. TMS99537 modem 


20009000 a 


[m] 


Lig BD 


In this chapter, you will learn 


How to interface CMOS to TTL and TTL to 
CMOS. 

What a totem-pole output is. 

What an open-collector output is. 

How to drive lamps and LEDs. 

How to create a wired-AND function. 

How to interface digital devices to buses. 
The characteristics of the GPIB (IEEE-488). 
How to convert from digital to analog using 
the binary-weighted input method and the 
R/2R ladder method. 

How to convert from analog to digital using 
the simultaneous method, the stairstep-ramp 
method, the tracking method, the single-slope 
method, the dual-slope method, and the 
successive-approximation method. 

How modems are used and how they func- 
tion. 

How digital data are transmitted over tele- 
phone lines. 

Characteristics of the RS-232C, RS422A, and 
RS-423A interfaces. 
What a Schmitt trigger circuit is and how it 
can be used. 
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INTERFACING AND DATA TRANSMISSION 


INTERFACING LOGIC FAMILIES 


In tlfis section, the interfacing of TTL and CMOS logic devices is considered. 
Also, other practical situations in which logic devices are interfaced using meth- 
ods such as open-collector logic are introduced. - 

When two different types of technologies are interfaced, the input and 
output voltages and currents of each are important parameters. In fact, the 
difference in these parameters creates the interfacing problem. Table 11-1 shows 
typical worst-case values of the input and output parameters for a CMOS family 
and several TTL families. 


TABLE 11-Е Worst-case values of interfacing parameters. 


Parameter 74H CMOS 74 TTL 741.5 TTL 74А5 ТТІ. 74ALS TTL 


CMOS-to-TTL Interfacing 


This discussion is for the case in which CMOS is driving TTL. Table 11-1 shows 
that the minimum high output voltage Voy min) for CMOS is 4.9 V. Since this 
value exceeds the minimum high input voltage Ууу of 2 V that is required by 
TTL, the CMOS is compatible with TTL in the high state. 

CMOS has a maximum low output voltage Vo; ах) Of 0.1 V. Since this 
value is less than the maximum low input voltage У, ах) of 0.8 V required by 
TTL, the CMOS is also compatible with TTL in the low state. 

In terms of currents, CMOS can sink 4 mA, Гоу (max); in the low output state 
with a guaranteed output voltage. When driving standard TTL, the CMOS gate 
must be able to sink 1.6 mA from each TTL input. This limits the fanout of the 
S M gate to two TTL inputs (2 x 1.6 mA = 3.2 mA), as shown in Figure 

-1(а). 

When driving low-power Schottky TTL (741.5), the CMOS gate must be able 
to sink 400 pA from each TTL input. This limits the fanout of the CMOS gate to 
ten LS TTL inputs (10 x 400 рА = 4 тА), as shown in Figure 11-166). 

When driving advanced Schottky TTL (74AS), the CMOS gate must be able 
to sink 2 mA from each TTL input. This limits the fanout of the CMOS gate to two 
AS TTL inputs (2 x 2 mA = 4 mA), as shown in Figure 11-1(c). 


11-1 INTERFACING LOGIC FAMILIES 531 


CMOS 
TTL 


(a) CMOS-to-standard TTL. 
Fanout = 2 


(b) CMOS-to-low power Schottky TTL. 
Fanout = 10 


CMOS CMOS 
AS TTL ALS TTL 


(с) CMOS-to-advanced Schottky TTL. 
Fanout = 2 


(d) CMOS-to-advanced low power 
Schottky TTL. 
Fanout = 40 


FIGURE 11-1 CMOS-to-TTL interfacing. 


Finally, when driving advanced low-power Schottky TTL (74ALS), the 
CMOS gate must be able to sink 100 pA from each TTL input. This limits the 
fanout of the CMOS gate to forty ALS TTL inputs (40 x 100 pA = 4 mA), as 


shown in Figure 11-1(d). 


TTL-to-CMOS Interfacing 

When TTL is driving CMOS, the interface is not as simple as CMOS-to-TTL. As 
in Table 11-1, the TTL families have minimum high output voltages 
2.4 V to 2.7 V. The minimum high input voltage required by CMOS is 
the output voltage of TTL is not sufficient to drive CMOS in the high 


you can see 


Уонстіп) оѓ 
3.5 У. Thus, 
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state. In the low state, the voltages are compatible, as you can verify in Table 


11-1. 
To properly interface TTL to CMOS, a pull-up resistor (К) to Усс must be 


added as shown in Figure 11-2. 


FIGURE 11-2 TTL-to-CMOS 
interfacing. 


In the low state, the TTL driving gate must sink current from the resistor as 
well as from the CMOS inputs to which it is connected, as indicated in Figure 
11-3. This sets the minimum value of R, according to the following equation: 


К: = Усс — Моцщтах) (11-1) 


"^ lonrro + "Incwos 
where n is the number of CMOS inputs being driven and Го, (тті) + л, (cos) = 


le 


FIGURE 11-3 Low-state cur- *Vcc 


rent sinking. 
me, 
IL CMOS 
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EXAMPLE А 74LS TTL gate drives four 74HC CMOS gates. The minimum Усс is 


11-1 


4.75 У. Determine the minimum value of pull-up resistor for interfacing these 
devices. 


Solution From Table 11-1, Vosimax) = 0.4 V, Io, = 8 mA, and l; = 
—1 pA. Thus, 
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Ris Усс = Моцтах) 
7 lor + Aly 
WATIN —04V 7435 у 
8 ША - 4рА 7.996 mA 


= 544 0 


TTL with Totem-Pole Outputs 


Regular TTL output circuits have a ‘‘totem-pole”’ arrangement as shown in Figure 
11-4(a). In the high output state, transistor О, is on and transistor О, is off. In the 
low output state, Q, is off and Q, is on. 


+Ис 


(a) TTL totem-pole output circuit 


+Ис è + Ис 


Totem- outputs wired together may cause excessive 
ipiis Soret Q, of device A and Q» of device В. 


FIGURE 11-4 TTL totem-pole outputs. 
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Totem-pole outputs cannot be connected together because such a connec- 
tion may produce excessive current and result in destruction of the devices. For 
example, in Figure 11-4(b), when Q, in device A and Q, in device B are both on, 
the output of device A is effectively shorted to ground through Q, of device B. 

Also, TTL with the totem-pole output is limited in the amount of current that 
it can sink in the low state, [7 (max), to 16 mA for standard TTL and 20 mA for AS 
TTL. In many applications, a gate must drive an external device that requires 
more current than this. 


Lamp/LED Interfacing 


Logic devices with open-collector outputs, rather than totem-pole outputs, are 
generally used for driving display lamps or LEDs because of their higher voltage 
and current-handling capability. However, totem-pole outputs can be used as long 
as the current required by the external device does not exceed the amount that the 
TTL driver can sink. 

In an open-collector TTL gate, the collector of the output transistor is not 
connected internally but is available for connection to external loads. A simplified 
open-collector circuit is shown in Figure 11-5. 


FIGURE 11-5 TTL ореп- +Ис 
collector circuit. 


Open-collector output 


The open-collector output can be connected to either an LED or a lamp as 
shown in Figure 11-6. In part (a), the limiting resistor is used to keep the current 


FIGURE 11-6 Open-collector +Vec d 
gates driving displays. 


2 


(а) LED driver (b) Lamp driver 


EXAMPLE Three ógeitichlieitor NAND gates are connected in a wired-AND configura- 
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below the maximum LED current. When the output of the gate is LOW, the 
output transistor is sinking current and the LED is on. The LED is off when the 
gate output is HIGH. A typical open-collector buffer can sink up to about 40 mA. 

In part (b) of Figure 11-6, the lamp requires no limiting resistor (the filament 
is resistive). Typically, up to -- 30 V can be used on the open collector, depending 
on the particular logic family. The standard designation used on logic symbols to 
denote an open-collector output is © 


Wired-AND Interfacing 


The open-collector outputs of several gates can be connected together to form 
what is known as a wired-AND function. For example, four open-collector AND 
gate outputs are wired together in Figure 11-7. When all input variables are 
HIGH, the output transistor of each gate is off and the output X is pulled HIGH. 
When one or more input variables are LOW, one or more gate outputs are LOW, 
forcing all the others LOW, so X is LOW. Thus, Х is HIGH if and only if all input 
variables are HIGH. Therefore, the output X is the AND of all the inputs: 


X = ABCDEFGH 


FIGURE 11-7 A wired-AND Vee 
configuration. 


o X = ABCDEFGH 


хоче OB A 


tion as shown in Figure 11-8. iso 
a) Write the logic expression for X. \ 
d Determine the minimum value of R, if Jo; (max) for each gate is 30 mA and 


V, is 0.4 V. : 
Assume that the wired-AND circuit is driving four TTL inputs (—1.6 mA 


each). 
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FIGURE 11-8 


Solutions, uo даа ires 
(а) X = AB- Ср · EF = AB + CD + EF 
(b) 4(1.6 mA) = 6.4 mA 


In, = lorena — 64 mA = 30 mA — 64 mA = 23.6 mA 


1. How many unit loads (inputs of same family) can a 74H CMOS gate drive? 
Refer to Table 11-1. 

2. Write the output logic expression for five open-collector inverters in a wired- 
AND configuration. 


INTERFACING WITH BUSES 


Buses and three-state buffers were introduced in the last chapter. As you have 
seen, many microprocessors, memories, and other logic functions have three- 
state outputs that are used for interfacing to bus structures. To prevent the 
devices connected to a common bus from interfering with each other, the three- 
state circuits are used to disconnect all devices except the ones that are commu- 
nicating at any given time. 

To illustrate the basic idea of bus interfacing, Figure 11-9 shows four 
devices connected to a four-bit unidirectional (one-way) bus with three-state 
interfacing. Data can flow only from devices A or B to devices C or D. When 
device A is sending data, device B is disconnected from the bus with the three- 
state buffers, and vice versa. 

Figure 11-10 illustrates a bidirectional bus connecting several devices (only 
two are shown). Data can be transferred back and forth among the devices. When 
it is not sending or receiving data, a given device is disconnected from the bus by 
disabling its three-state buffers. 
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FIGURE 11-9 Example of a 
unidirectional bus with three- 
‘state interfacing. 


Receiving 
device 
C 


Receiving 


Rev enable р Sp 


Four-wire bus 


Notice that each device in Figure 11-10 has a pair of three-state circuits 
(transceivers) on each input/output (1/0) line. The reason for this is as follows: 
When a given device is sending data, the output three-state drivers are enabled 
and the input three-state receivers are disabled: When a given device is receiving 
data, the input three-state receivers are enabled and the output three-state drivers 
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FIGURE 11-10 Bidirectional 
bus with three-state transceiver 
interfacing. 


are dicabled. This is illustrated in Figure 11-10, where the shaded three-state 
circuits are disabled. 


A Specific Bidirectional Bus Transceiver 


The SN75160A is an example of a three-state bus interface circuit. A logic diagram 
for this device is shown in Figure 11-11, where TE is terminal enable, PE is 
peripheral enable, D is driver, and R is receiver. 
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D —Driver 
К – Receiver 
GPIB 
Terminal VO 
ports 


FIGURE 11-11 Logic diagram of an SN75160A interface bus transceiver. 


The General-Purpose Interface Bus (GPIB) 
a standard bus system, we will examine the GPIB. This bus is 


Адын © Std. 488 and is therefore sometimes known as the IEEE-488 


„defined by IEEE 
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bus. This is a standard for interfacing with programmable instrumentation or 
control systems. It is an eight-bit system that operates to 1 MHz and can drive up 
to 20 meter lines. 

The IEEE-488 standard defines three basic classes of devices that can be 
connected to the GPIB: talker, listener, and controller. There can also be devices 
that are combinations of these basic types. 

An important application of the GPIB is in the interconnection of several test 
instruments to form an automated test system. Examples of talkers in this applica- 
tion are devices that produce information, such as digital multimeters and fre- 
quency counters. Examples of listeners are display devices and programmable 
instruments such as signal generators, multimeters, and power supplies. A pro- 
grammable multimeter, for example, can be both a talker and a listener. It 
functions as a talker when outputting voltage measurements and as a listener 
when receiving program instructions. The controller is a device that determines 
when the other devices can use the bus. 

The GPIB allows up to fifteen instruments within a localized area (within 20 
meters) to communicate with each other at data rates up to | Mbyte/s. Each 
device connected to the bus is assigned a unique address to which it responds. 
Information sent on the bus consists of both device-dependent data and com- 
mands. 

Physically, the GPIB consists of a 24-wire shielded cable. Eight lines carry 
data, eight lines carry control signals (commands), and eight are reserved for 
grounds. The eight commands are divided into three data byte transfer controls 
and five interface management lines. The standard connector diagram is shown in 
Figure 11-12, and the functions of the sixteen lines are summarized in Table 11-2. 

Handshaking is a widely used interfacing term. It is basically a method or 
procedure by which two devices establish communication with each other and 


SHIELD SRQ NDAC DAV DIO4 DIO2 


IFC | NRFD| EOI 


+++ +++ 
Ее 
ҮПҮП 
12—11—10--9 —8——73116—5--4.-3-. 2 

24 23 22 21 20 19 18 17 16 15 14 Я 


DIO3 | DIO! 


GND | GND | GND | REN | DIO7 | DIOS 


T 9 7 
LOGIC GND GND GND DIOS 0106 
GND 10 8 


FIGURE 11-12 ГЕЕЕ-488 (GPIB) standard connector. 
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TABLE 11-2 GPIB control and data lines. 


consists of a specified sequence of signals that are transferred between the two 
devices in a prescribed manner. 

Three of the interface management lines of the GPIB operate as a three-line 
handshake between talker (or controller) and listeners. No new data are sent until 
each device addressed to listen has received the last byte and is ready for the next. 
This method ensures that the data rate is suited to the slowest active listener. 

A typical system GPIB interface arrangement is shown in Figure 11-13 (p. 
542). This particular system consists of five talker/listener devices which are 
interfaced to the common bus with TMS9914 controllers and bus transceivers. 


to common buses be made with three-state devices? 


SECTION 1. Why must interfaces 
the GPIB have (not including grounds)? 


REVIEW 2. How many lines does 
11-2 Р 
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11-3 


Because most quantities in nature occur in analog form, conversions from digital 


to analog and from analog to digital are of great importance. In this section we will 
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Genera! purpose interface bus 


SN75162A 


[men 
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Data bus 


Data valid (DAV) Data byte 
Not ready for data (NRFD)> transfer 
Not data accepted (NDAC)} control 


Interface clear (IFC) 
Attention (ATN) General 


Service request (SRQ) > interface 
Remote enable (REN) management 
End-or-identif y (EOI) 


FIGURE 11-13 A typical system GPIB interface arrangement. 


Digital and Analog Signals 


You already know how a quantity can be expressed in digital form, but what is an 
analog quantity? An analog quantity is one that has a continuous set of values 
over a given range, as contrasted with discrete values for the digital case. 


— юш Pot O0 30 DIP EA 


e 
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Almost any measurable quantity is analog in nature, such as temperature, 
pressure, speed, and time. To further illustrate the difference between an analog 
and a digital representation of a quantity, let us take the case of a voltage that 
varies over a range from 0 V to +15 V. The analog representation of this quantity 
takes in all values between 0 and +15 V. 

In the case of a digital representation using a four-bit binary code, only 16 
values can be defined. More values between 0 and +15 can be represented by 
using more bits in the digital code. So an analog quantity can be represented to 
some degree of accuracy with a digital code that specifies discrete values within 
the range. This concept is illustrated in Figure 11-14, where the analog function 
shown is a smoothly changing curve that takes on values between 0 V and +15 V. 
If a four-bit code is used to represent this curve, each binary number represents a 
discrete point on the curve. 


0100 o00 0100 


1234567 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 


FIGURE 11-14 Discrete (digital) points on an analog curve. 


In Figure 11-14, the voltage on the analog curve is measured or sampled at 
each of 35 equal intervals. The voltage at each of these intervals is represented by 
a four-bit code as indicated. At this point, we have a series of binary numbers 
representing various voltage values along the analog curve. This is the basic idea 

-to-digital (A/D) conversion. 
a hs igne E of the analog function in Figure 11-14 can be recon- 
structed from the sequence of digital numbers that has been generated. Obviously, 
there will be some error in the reconstruction because only certain values are 
represented (35 in this example) and not the continuous set of values. If the digital 
values at each of the 35 intervals are graphed as shown in Figure 11-15, we have a 
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12345678 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 


FIGURE 11-15 Digital reproduction of an analog curve. 


reconstructed function. As you can see, the graph only approximates the original 
curve because values between the points are not known. 


Digital-to-Analog (D/A) Conversion 


Digital-to-analog conversion is an important interface process in many applica- 
tions. An example is a voice signal that has been digitized for processing or 
transmission and must be changed back into an approximation of the original 
signal to ultimately drive a speaker. 


Binary-weighted input D/A converter One method of D/A conversion uses à 
resistor network with values that represent the binary weights of the input bits of 
the digital code. Figure 11-16 shows a four-bit D/A converter of this type. The 


FIGURE 11-16 Four-bit binary- (LSB) я 
y 5 5v i ; 
weighted input DIA converter. M Ке weighed ronem 


(MSB) 


Input bit switches ] 


EXAMPLE 
11-3 
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switch symbols represent transistor switches for inputting each of the four bits. 
The operational amplifier (op-amp) provides a very high impedance load to the 
resistor network, and its inverting input (—) looks like “virtual” ground so that 
the output is proportional to the current through the feedback resistor Rp (the sum 
of the input currents). Almost all the current is through К, and into the low 
impedance output of the op-amp. The inverting input is approximately at 0 V. 

The lowest-value resistor (R) corresponds to the highest binary-weighted 
input (23). ‘Each of the other resistors is a multiple of R: 2R, 4R, and 8R, 
corresponding to the binary weights 22, 2', and 29, respectively. One of the 
disadvantages of this type of D/A converter is the number of different resistor 
values. For example, an eight-bit converter requires eight resistors ranging from 
some value К to 128К. This range of resistors requires tolerances of one part in 
255 (less than 0.5%) to accurately convert the input, making this type of D/A 
converter very difficult to mass-produce. 


Determine the output of the D/A converter in Figure 11-17(a) if the sequence of 
four-bit numbers in Figure 11-17(b) is applied to the inputs. D, is the LSB. 


FIGURE 11-17 


Solution First, we determine the output current / for each of the weighted 
inputs. Since the inverting input (—) of the op-amp is at 0 V (virtual ground) 
and a binary | corresponds to +5 V, the current through any of the input 
resistors is 5 V divided by the resistance value. 


I, = 5 V/200 КО = 0.025 mA 
1, = 5 УЛОО КО = 0.05 mA 
1, = 5 150 КО = 0.1 mA 
1, = 5 V/25 КО = 0.2 mA 


i i i i input because 

Almost none of this current goes into the inverting op-amp inpu 
of its extremely high impedance. Therefore, all of the current goes through the 
feedback resistor Rp. Since one end of Rç is at 0 V (virtual ground), the drop 


across Rp equals the output voltage. 
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Vourwwo) = (10 КО)(—0.025 mA) = —0.25 V 
Vourn = (10 k0(—0.05 тА) = –0.5 V 
Vour = (10 КО(—0.1тА) = -1V 
Vouros = (10 КОХ-0.2 mA) = -2V 


From Figure 11-17(b), the first input code is 0001, (binary 1). For this, the 
output voltage is —0.25 У, The next code is 0010, which produces an output 
voltage of — 0.5 V. The next code is 0011, which produces an output voltage of 
—0.25 V + —0.5 У = -0.75 V. Each successive binary code increases the 
output voltage by —0.25 V, so for this particular straight binary sequence on 
the inputs, the output is a stairstep waveform going from 0 V to —3.75 V in 
— 0.25 У steps. This is shown in Figure 11-18. 


ЕЕЕ? 


Binary number 


Your 


FIGURE 11-18 Output of D/A converter in Figure 11-17. 


R/2R ladder D/A converter Another method of D/A conversion is the R/2R 
ladder, as shown in Figure 11-19 for four bits. It overcomes one of the problems 
in the previous type in that it requires only two resistor values. Again, the switch 
symbols represent transistor switches. 

Start by assuming that the D, switch is connected to +5 V and the others to 
ground. This represents 10005. A circuit analysis will show you that this reduces 
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Your 


FIGURE 11-19 An R/2R ladder DIA converter. 


to the equivalent form shown in Figure 11-20(a). There is essentially no current 
through the 2R equivalent resistance. Thus, all of the current (J = 5 V/2R) through 
К) also goes through Rp, and the output voltage is – 5 V. 

Part (b) of the figure shows the equivalent circuit when the D, switch is in 
the +5 V position and the others at ground. This represents 0100,. If we thevenize 
looking from Rg, we get 2.5 V in series with К, as shown in part (b). This results in 
а current through Rp of = 2.5 V/2R, which gives an output voltage of —2.5 V. 
Keep in mind that there is no current into the op-amp inverting input and that 
there is no current through the equivalent resistance to ground because it has 0 V 
across it due to the virtual ground. 

Part (c) of the figure shows the equivalent circuit when the D, input is 
connected to +5 V and the others to ground. Again thevenizing looking from Rg, 
we get 1.25 V in series with R as shown. This results in a current through R, of 
I = 1.25 VR, which gives an output voltage of.— 1.25 V. 

In part (d) of the figure, the equivalent circuit representing the case where Dy 
is connected to +5 V and the other inputs to ground is shown. Thevenizing from 
Rg gives an equivalent of 0.625 V in series with R as shown. The resulting current 
through Rp is I = 0.625 V/2R, which gives an output voltage of —0.625 V. 

Notice that each successively lower weighted input produces an output 
voltage that is halved, so that the output voltage is proportional to the binary 


weight of the input bits. 


D/A performance characteristics The performance characteristics of a D/A con- 

verter include resolution, accuracy, linear errors, monotonicity, and settling time, 
each of which is discussed below. 

i i is the reciprocal of the 

2 lution. The resolution of a D/A converter is t 

E лиң t discrete steps in the D/A output. This, of course, is depen- 

dent on the number of input bits. For example, a four-bit D/A converter 

has a resolution of one part in 2* — 1 (one part in fifteen). Expressed asa 

tage, this is (1/15)100 = 6.67%. The total number of discrete steps 


Mts 2" — 1, where n is the number of bits. 


equals 


Equivalent ladder 
resistance with D), —— 
О, and Do grounded 


+5V 


Do =0 ру= 0 


р. = 0 Рз = 0 
(c) Equivalent circuit for D3 = 0, D = 0, Di = 1, Do = 0 


Di=0 Dj-0 D3=0 


(d) Equivalent circuit for D3 = 0, Dz = 0, Dy = 0, Dy = 1 
FIGURE 11-20 Analysis of the RI2R ladder DIA converter. (The operational amplifier 


keeps the inverting (—) input near zero volts (~ 0 V) due to negative feedback. Therefore, 
all current goes through Rp rather than into the inverting input.) 
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Determine the resolution of (a) an eight-bit and (b) a twelve-bit D/A converter 
in terms of percentage. 


Solutions 
(a) For the eight-bit converter, 


1 1 


1 X 100 = 555 X 100 = 0.392% 


(b) For the 12-bit converter, 


gai x 100 = дуз х 100 = 0.0244% 


2. Accuracy. Accuracy is a comparison of the actual output of a D/A 
converter with the expected output. It is expressed as a percentage of a 
full-scale or maximum output voltage. For example, if a converter has a 
full-scale output of 10 V and the accuracy is +0.1%, then the maximum 
error for any output voltage is (10 V)(0.001) = 10 mV. Ideally, the 
accuracy should be at most + % of an LSB. For an eight-bit converter, 1 
LSB is 1/256 = 0.0039 (0.39% of full scale). The accuracy should be 
approximately +0.2%. 

3. Linear errors. A linear error is the deviation from the ideal straight-line 
output of a D/A converter. A special case is an offset error, which is the 
amount of output voltage when the input bits are all zeros. 

4. Monotonicity. A D/A converter is monotonic if it does not take any 
reverse steps when it is sequenced over its entire range of input bits. 

5. Settling time. This is normally defined as the time it takes a D/A 
converter to settle within + LSB of its final value when a change 


occurs in the input code. 


Analog-to-Digital (A/D) Conversion 


Analog-to-digital conversion is the process by which an analog quantity is con- 
verted to digital form. A/D conversion is necessary when measured quantities 
must be in digital form for processing in a computer or for display or storage. 
Several typés of A/D conversion methods are now examined. 


Simultaneous A/D converter This method (also called flash conversion) utilizes 
parallel differential comparators that compare reference voltages with the analog 
input voltage. When the analog voltage exceeds the reference voltage for a given 
comparator, a HIGH is generated. Figure 11-21 shows a three-bit converter 
which uses seven comparator circuits; a comparator 15 not needed for the all-zero 
condition. A four-bit converter of this type requires fifteen comparators. In 


general, 2" — 1 comparators are required for conversion to an n-bit binary code. 
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FIGURE 11-21 A three-bit simultaneous A/D converter. 


The large number of comparators necessary for a reasonably sized binary number 
is one of the disadvantages of the Simultaneous A/D Converter. Its chief advantage 
is that it provides a fast conversion time. 

The reference voltage for each comparator 15 set by the resistive voltage- 
divider network. The output of each comparator is connected to an input of the 
priority encoder. The encoder is sampled by a pulse on the enable input, and а 
three-bit binary code proportional to the value of the analog input appears on the 
encoder’s outputs. The binary code is determined by the highest-order input 
having a HIGH level. 

The sampling rate determines the accuracy with which the sequence of 
digital codes represents the analog input of the A/D converter. The more samples 
taken in a given unit of time, the more accurately the analog signal is represented 
in digital form. 

The following example illustrates the basic operation of the simultaneous 
A/D converter in Figure 11-21. 
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Determine the binary code output of the three-bit simultaneous A/D converter 
for the analog input signal in Figure 11-22 and the sampling pulses (encoder 
enable) shown. Увек = +8 V. 
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FIGURE 11-22 Sampling of values оп an analog waveform for conversion to 
digital. 


Solution The resulting A/D output sequence is listed as follows and shown in 
the waveform diagram of Figure 11-23 in relation to the sampling pulses: 


100, 101, 110, 110, 100, 010, 000, 001, 011, 101, 110, 111 
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FIGURE 11-23 Resulting digital outputs for sampled values. Dp is the LSB. 


Stairstep-ramp A/D converter This method of A/D conversion is also known as 
the digital-ramp or the counter method. Jt employs a D/A converter and a binary 
counter to generate the digital value of an analog input. Figure 11-24 shows a 
diagram of this type of converter. 

Assume that the counter begins RESET and the output of the D/A converter 
is zero. Now assume that an analog voltage is applied to the input. When it 
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FIGURE 11-24  Stairstep-ramp A/D converter (eight bits). 


exceeds the reference voltage (output of D/A), the comparator switches to a 
HIGH output state and enables the AND gate. The clock pulses begin advancing 
the counter through its binary states, producing a stairstep reference voltage from 
the D/A converter. The counter continues to advance from one binary state to the 
next, producing successively higher steps in the reference voltage. When the 
stairstep reference voltage reaches the analog input voltage, the comparator 
output will go LOW and disable the AND gate, thus cutting off the clock pulses to 
stop the counter. The state of the counter at this point equals the number of steps 
in the reference voltage at which the comparison occurs. This binary number, of 
course, represents the value of the analog input. The control logic loads the binary 
count into the latches and resets the counter, thus beginning another count 
sequence to sample the input value. 

This method is slower than the simultaneous method because, in the worst 
case of maximum input, the counter must sequence through its maximum number 
of states before a conversion occurs. For ап eight-bit conversion, this means а 
maximum of 256 counter states. Figure 11-25 illustrates a conversion sequence 
for a four-bit conversion. Notice that for each sample, the counter must count 
from zero up to the point at which the stairstep reference voltage reaches the 
analog input voltage. The conversion time varies, depending upon the analog 
voltage. 
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FIGURE 11-25 Example of a four-bit conversion showing an analog input and the stair- 
step reference voltage. 


Tracking A/D converter This method uses an up/down counter and is faster than 
the stairstep-ramp method because the counter is not reset after each sample, but 
rather tends to track the analog input. Figure 11-26 shows a typical eight-bit 
tracking A/D converter. 
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FIGURE 11-26 An eight-bit tracking AID converter. 
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As long as the D/A output reference voltage is less than the analog input, the 
comparator output is HIGH, putting the counter in the UP mode, causing it to 
produce an up sequence of binary counts. This causes an increasing stairstep 
reference voltage out of the D/A converter, which continues until the stairstep 
reaches the value of the input voltage. 

When the reference voltage equals the analog input, the comparator's output 
switches LOW and puts the counter in the DOWN mode, causing it to back up one 
count. If the analog input is decreasing, the counter will continue to back down in 
its sequence and effectively track the input. If the input is increasing, the counter 
will back down one count after the comparison occurs and then will begin 
counting up again. When the input is constant, the counter backs down one count 
when a comparison occurs. The reference output is now less than the analog 
input, and the comparator output goes HIGH, causing the counter to count up. Аз 
soon as the counter increases one state, the reference voltage becomes greater 
than the input, switching the comparator to its LOW state. This causes the 
counter to back down one count. This back-and-forth action continues as long as 
the analog input is a constant value, thus causing an oscillation between two 
binary states in the A/D output. This is a disadvantage of this type of converter. 


Figure 11-27 illustrates the tracking action of this type of A/D converter for a 
four-bit conversion. 


FIGURE 11-27 An A/D converter tracking action. 


Single-slope A/D converter Unlike the previous two methods, this type of con- 
verter does not require a D/A converter. It uses a linear ramp generator to 
produce a constant-slope reference voltage. А diagram is shown in Figure 11-28. 

At the beginning of a conversion cycle, the counter is RESET and the ramp 
generator output is 0 V. The analog input is greater than the reference voltage at 
this point and therefore produces a HIGH output from the comparator. This 
HIGH enables the clock to the counter and starts the ramp generator. 

Assume that the slope of the ramp is 1 V/ms. It will increase until it equals 
the analog input; at this point the ramp is RESET and the binary or BCD count is 
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FIGURE 11-28 Single-slope A/D converter. 


stored in the latches by the control logic. Let us assume that the analog input is 
2 V at the point of comparison. This means that the ramp is also 2 V and has been 
running for 2 ms. Since the comparator output has been HIGH for 2 ms, 200 clock 
pulses have been allowed to pass through the gate to the counter (assuming a 
clock frequency of 100 kHz). At the point of comparison, the counter is in the 
binary state representing decimal 200. With proper scaling and decoding, this 
binary number can be displayed as 2.00 V. This basic coricept is used in some 


digital voltmeters. 


Dual-slope A/D converter The operation of this type of A/D converter is similar 
to that of the single-slope type except that a variable-slope ramp and a fixed-slope 
ramp are both used. This type of converier is common in digital voltmeters and 
other types of measurement instruments. 

A ramp generator (integrator), А |, is used to produce the dual-slope charac- 
teristic, the purpose of which we will now discuss. A block diagram of a dual- 
slope A/D converter is shown in Figure 11-29 for reference. 

We will start by assuming that the counter is RESET and the output of the 
integrator is zero. Now assume that a positive input voltage is applied to the input 
through the switch (S,) as selected by the control logic. Since the inverting input 
of A, is at virtual ground, and assuming that V;, is constant for a period of time, 
there will be constant current through the input resistor R and therefore through 
the capacitor C. C will charge linearly because the current is constant, and as a 
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FIGURE 11-29  Dual-slope A/D converter. 


result, there will be a negative-going linear voltage ramp on the output of A,, as 
illustrated in Figure 11-30(a). 

When the counter reaches a specified count, it will be reset, and the control 
logic will switch the negative reference voltage ( — Vy) to input A, as shown in 
Figure 11-30(b). At this point, the capacitor is charged to a negative voltage ( — V) 
proportional to the input analog voltage. 

Now the capacitor discharges linearly due to the constant current from the 
— Veer as shown in Figure 11-30(c). This produces а positive-going ramp on the 
A, output, starting at — V and with a constant slope that is independent of the 
charge voltage. 

As the capacitor discharges, the counter advances from its reset state. The 
time it takes the capacitor to discharge to zero depends on the initial voltage — V 
(proportional to У,,) because the discharge rate (slope) is constant. When the 
integrator (A;) output voltage reaches zero, the comparator (А,) switches to the 
LOW state and disables the clock to the counter. The binary count is latched, thus 
completing one conversion cycle. The binary count is proportional to V;, because 
the time it takes the capacitor to discharge depends only on — V, and the counter 
records this interval of time. 


Successive-approximation A/D converter This is perhaps the most widely used 
method of A/D conversion. It has a much shorter conversion time than the other 
methods with the exception of the simultaneous method. It also has a fixed 
conversion time that is the same for any value of the analog input. 

Figure 11-31 shows a basic block diagram of a four-bit successive-approx- 
imation A/D converter. It consists of a D/A converter, successive-approximation 
register (SAR), and comparator. The basic operation is as follows: The bits of the 
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FIGURE 11-30 Dual-slope conversion. 
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FIGURE 11-31 Successive-approximation A/D converter. 


D/A converter are enabled one at a time, starting with the most significant bit 
(MSB). As each bit is enabled, the comparator produces an output that indicates 
whether the analog input voltage is greater or less than the output of the D/A. If 
the D/A output is greater than the analog input, the comparator's output is LOW, 
causing the bit in the register to RESET. If the D/A output is less than the analog 
input, the bit is retained in the register. 

The system does this with the MSB first, then the next most significant bit, 
then the next, and so on. After all the bits of the D/A have been tried, the 
conversion cycle is complete. 

In order to better understand the operation of this type of A/D converter, we 
will take a specific example of a four-bit conversion. Figure 11-32 illustrates the 
step-by-step conversion of a given analog input voltage (5 V in this case). We will 
assume that the D/A converter has the following output characteristic: Vour = 
8 V for the 2? bit (MSB), Vour = 4 V for the 2? bit, Убит = 2 V for the 2! bit, and 
Vour = 1 V for the 2° bit (LSB). 

Figure 11-32(a) shows the first step in the conversion cycle with the MSB = 
1. The output of the D/A is 8 V. Since this is greater than the analog input of 5 V, 
the output of the comparator is LOW, causing the MSB in the SA register to be 
RESET to a 0. 

Figure 11-32(b) shows the second step in the conversion cycle with the 22 bit 
equal to a 1. The output of the D/A is 4 V. Since this is less than the analog input of 
5 V, the output of the comparator switches to a HIGH, causing this bit to be 
retained in the SA register. 

Figure 11-32(c) shows the third step in the conversion cycle with the 2! bit 
equal to a 1. The output of the D/A is 6 V because there is a 1 on the 2? bit input 
and on the 2! bit input, so 4 V + 2 V = 6 V. Since this is greater than the analog 
input of 5 V, the output of the comparator switches to a LOW, causing this bit to 
be RESET to a 0. 

Figure 11-32(d) shows the fourth and final step in the conversion cycle with 
the 2° bit equal to a 1. The output of the D/A is 5 V because there is a 1 on the 22 
bit input and on the 2° bit input, so 4 V + 1 V = 5 V. 
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The four bits have all been tried, thus completing the conversion cycle. At 
this point the binary code in the register is 0101,, which is the binary value of the 
analog input of 5 V. Another conversion cycle now begins and the basic process is 
repeated. The SAR is cleared at the beginning of each cycle. 


FIGURE 11-32 Successive- 
approximation conversion 
process. 
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A specific A/D converter The ADC0801 is an example of a successive-approxima- 
tion analog-to-digital converter. A block diagram is shown in Figure 11-33. This 
device operates from a +5 V supply and has a resolution of eight bits with a 
conversion time of 100 ps. Also, it has guaranteed monotonicity and an on-chip 
clock generator. The data outputs are three-stated so that it can be interfaced with 
a microprocessor bus system. 
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FIGURE 11-33 The АРС0801 analog-to-digital converter. 


A detailed logic diagram of the ADC0801 is shown in Figure 11-34, and a 
description of its basic operation is as follows: The ADC0801 contains the equiv- 
alent of a 256-resistor D/A converter network. The successive-approxima- 
tion logic sequences the network to match the analog differential input voltage 
(Vint — М) with an output from the resistive network. The MSB is tested 
first. After eight comparisons (64 clock periods), an eight-bit binary code is 
transferred to an output latch, and the interrupt (INTR) output goes LOW. The 
device can be operated in a free-running mode by connecting the INTR output to 
the write (WR) input and holding the conversion start (CS) LOW. To ensure start- 
up under all conditions, a LOW WR input is required during the power-up cycle. 
Taking CS low anytime after that will interrupt a conversion in process. 

When the WR input goes LOW, the internal successive-approximation regis- 
ter (SAR) and the eight-bit shift register are RESET. As long as both CS and WR 
remain LOW, the analog-to-digital converter remains in a RESET state. One to 
eight clock periods after CS or WR makes a LOW-to-HIGH transition, conversion 
starts. 
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FIGURE 11-34 Logic diagram of ADC0801 A/D converter. 


When the CS and WR inputs are LOW, the start flip-flop is SET and the 
interrupt flip-flop and eight-bit register are RESET. The HIGH is ANDed with the 
next clock pulse, which puts a HIGH on the reset input of the start flip-flop. If 

CS or WR has gone HIGH, the set signal to the start flip-flop is removed, 


either CS or WR d i - ees 
causing it to be RESET. A HIGH is placed on the D input of the eight-bit shift 
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register and the conversion process is started. If the CS and WR inputs are stili 
LOW, the start flip-flop, the eight-bit shift register, and the SAR remain RESET. 
This action allows for wide CS and WR inputs, with conversion starting from one 
to eight clock periods after one of the inputs goes HIGH. E 

When the HIGH input has been clocked through the eight-bit shift register, 
completing thè SAR search, it is applied to an AND gate controlling the output 
latches and to the D input of a flip-flop. On the next clock pulse, the digital word is 
transferred to the three-state output latches and the iriterrupt flip-flop is SET. The 
output of the interrupt flip-flop is inverted to provide an INTR output that is 
HIGH during conversion and LOW when conversion is complete. 

When a LOW is at both the CS and RD inputs, the three-state output latch is 
enabled, the output code is applied to the DBO through DB7 lines, and the 
interrupt flip-flop is RESET. When either the CS or the RD input returns to a 
HIGH, the ОВО through DB7 outputs are disabled. The interrupt flip-flop remains 
RESET. 


1. What is the fastest method of analog-to-digital conversion? 
2. What is the resolution, expressed in percentage, of (a) a six-bit converter and 
(b) an eight-bit converter? 


MODEMS AND INTERFACES 


When digital data are sent from one computer (or other digital system) to another 
that is a great distance away, the telephone network is often used to transmit the 
data. The digital systems that originate and receive the data in these situations are 
referred to as data terminal equipment (DTE). 

Since the telephone network is designed for carrying only analog signals in 
the audio (voice) range, the digital data must be converted to a form that is 
compatible with the telephone system. Thus, the digital data stream from the DTE 
is converted to tones (sine waves) having frequencies within the 300-Hz to 3000- 
Hz bandwidth required by the telephone company. The modem functions as an 
interface device between the DTE and the telephone network to perform the 
required conversion from digital data to tones, and vice versa. 

At the transmitting end, digital data from the DTE are converted to tones 
and transmitted over the telephone channel by the modem. At the receiving end, 
the tones are converted back to digital data by the modem and passed to the 
receiving DTE. The modem does not change the content of the data; it changes 
only the form for transmission. This concept is shown in Figure 11-35. 

The term modem is a contraction of modulator-demodulator. Modems are 
classified as data communication equipment (DCE). 
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FIGURE 11-35 Digital data transmission using modems. 


Low-Speed Modem Operation 


Low-speed modems are typically used with personal computers on directly dialed 
telephone lines. They operate at a data rate of 300 bits/second (bps). For transmis- 
sion, the voice band is divided into two separate bands so that data can be 
transmitted in both directions simultaneously. This is called full-duplex transmis- 
sion. One modem uses one band, and the other modem uses the second band. 
In each band, one frequency represents a 0 (called a space), and another 
frequency represents a 1 (called a mark). As Figure 11-36 shows, the originate 
modem transmits 0$ at 1070 Hz and 1s at 1270 Hz. The answer modem transmits 


Os at 2025 Hz and 1s at 2225 Hz. 


Originate band Answer band 


Frequency (Hz) 


300 1070 1270 2025 2225 3000 
0/71 0/1 


FIGURE 11-36 Frequencies for 300 bps full-duplex data transmission. 


i i hifted from one of the 

As a modem transmits data, the frequencies are s : ne 
poate! e to the other to represent the sequence of 0s and Is in the digital data 
stream. This type of modulation is called frequency shift keying (FSK). A sim- 


plified example of FSK operation is shown in Figure 11-37. 
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FIGURE 11-37 Example of frequency shift keying (FSK). 


and the ‘‘ring.’’ The modem-to-telephone interface must, of course, conform to 
the voltage, current, power, and frequency requirements established by the phone 
company. 

The interface between the modem and the DTE is specified by an Electronic 
Industries Association (EIA) standard such as RS-232C, which is discussed later. 

Certain procedures (protocol) must be adhered to in establishing commu- 
nications between the two ends of the data system. First, the DTE at the transmit- 
ting end indicates to the modem that it wants to transmit. The transmitting modem 
then signals the receiving modem to determine if it is ready to receive. After the 
transmitting modem knows that the receiving modem and DTE are ready, it 
notifies the transmitting DTE. This process is called handshaking. The transmit- 
ting DTE then begins passing data to the modem, which FSK-modulates the data 
and transmits them to the receiving modem, which demodulates them and passes 
them to the receiving DTE 


Asynchronous and Synchronous Operation 


In asynchronous 300 bps operation, no timing information (clock) is sent. There is 
a start bit that is used as a synchronizing signal for each character transmitted. 
Two stop bits and a parity bit follow each character, as the format in Figure 11-38 
indicates. As the data come into the receiver, an internal oscillator determines the 
input timing independently of the data. The timing oscillator frequencies of the 
transmitter and receiver must stay within certain limits, of course. 

In synchronous operation, a special code is transmitted at the beginning of 
each block of data to keep the receiver oscillator in step with the transmitted data. 


J— — Dau character ———_—__ 


| Space| Mark | Space| Space| Mark | Mark | Space| Space| Space| Mark | Mark | Mark | 


FIGURE 11-38 Typical asynchronous data format. 
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The Bell 103-Type Modem 


The Bell 103 modem has, by widespread usage, become somewhat of a U.S. 
standard for low-speed (300 bps), asynchronous, full-duplex modems. (Full- 
duplex means that data can be transmitted in both directions simultaneously.) The 
frequency assignments for this type of modem are shown in Figure 11-39(a), anda 
basic block diagram is shown in part (b). Notice that the two-wire telephone line is 
terminated in a line-matching transformer. 

As you can see in Figure 11-39, the receive bandpass filter and the transmit 
bandpass filter have center frequencies of 1170 Hz and 2125 Hz, respectively, in 
the answer modem and 2125 Hz and 1170 Hz, respectively, in the originate 
modem, thus permitting full-duplex operation. In the receiver section, the limiter 
eliminates variations in the amplitude of the filter output. The delay detector 
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(b) Bell 103- type modem block diagram 


FIGURE 11-39 Low-speed, asynchronous, full-duplex modem. 
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determines whether the frequency represents a 1 or a 0 and then produces a 
proportional output. The slicer clips the top and bottom of the detected signal and 
produces a digital output with proper logic voltage levels. 

In the transmitter section, the FSK oscillator changes the digital data stream 
into the appropriate audio tones, which are then passed through the bandpass 
filter and onto the telephone lines. 

Rather than transformer coupling directly to the phone lines, some modems 
use acoustical coupling. The acoustical coupler has a microphone and speaker 
which interface with the telephone handset and couple the transmitted and re- 
ceived signals by sound waves. 


An IC Modem 


The TMS99532 is an example of an integrated circuit modem that is Bell 103- 
compatible. Some of its features are as follows: 


1. All filtering, modulation, and demodulation are on the chip. 
2. Originate and answer modes. 

3. Data rates are from zero to 300 bps. 

4. The crystal-controlled oscillator is on the chip. 

5. It has TTL-compatible interfacing. 


Figure 11-40 illustrates the TMS99532 modem in an acoustical interface applica- 
tion. 


The RS-232C Interface 


When a modem is connected to a DTE in order to interface with the telephone 
lines, the modem and the DTE must also be properly interfaced with each other. 
The most common U.S. standard, as previously mentioned, has been recom- 
mended by the EIA (Electronic Industries Association) for interfacing DTEs and 
DCEs. The standard, called the RS-232C, specifies the basic signals for sending 
and receiving data, status information, and control. Also, standard designations, 
connector pin assignments, and voltage levels are specified. 

The RS-232C voltage levels are +3 V to +25 V for a space (0), and —3 V to 
—25 У for a mark (1). The recommended maximum cable length is 50 feet, which 
is determined by the maximum specified cable capacitance of 2500 pF. 

Table 11-3 lists all of the RS-232C signals with pin numbers for a 25-pin 
connector, EIA designations, and abbreviations. The ten most often used signals 
are indicated with boldface type. Not all of the RS-232C signals are used in every 
application, but the minimum DTE-to-DCE interface connections are transmitted 
data (TD), received data (RD), signal ground (SG), and chassis ground (GND). 


RS-232C limitations There are several drawbacks to the RS-232C standard, some 
of which are as follows: 


1. The 50-foot length limitation is a serious restriction in some applica- 
tions. 
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FIGURE 11-40 The TMS99532 modem with an acoustical coupler interface. (Redrawn by 
permission from Texas Instruments, Inc.) 


2. The voltage levels are not compatible with logic levels in the computers 
or other DTEs with which the modem must interface, and additional 
interface devices must be used to overcome this. 

3. All of the data and control signals are referenced to the same signal 


ground (pin 7). Although this method of unbalanced transmission works 
fine in many applications, there is sometimes a difference in ground 
potential between the two ends of a long cable, which can affect signal 


quality and result in errors. 


Other Interfaces 


The RS-232 was introduced in 1962 and is still widely used throughout industry. It 
was developed for transmission over short distances at relatively slow data rates. 
Many current higher-performance systems require transmission at faster data 
rates over longer lines and are making the RS-232C inadequate for many applica- 


tions. 
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TABLE 11-3 R$-232C signals. 


ы 


Ріп НА Common From To 
Number Ckt. Signal Description Abbreviation DCE DCE 


Current loop The signal interface in teleprinters is called the current loop. This 
method uses the presence or absence of current to represent Is and Os. A current 
loop can be either 20 mA or 60 mA, depending on the type of equipment. There 
are no standard pin numbers for current-loop interfacing, but data rates up to 9600 
bps and cable lengths up to 1500 feet can be handled. 


RS-422A This standard eliminates some of the problems with the RS-232C. -t 
uses two wires for each signal, thus producing balanced transmission for greater 
data rates (up to 10 Mbps) and eliminating the ground problems. 


RS-423A This standard defines an adaptor for use between RS-232C and 
- RS-422A, thus permitting RS-232C equipment to be interfaced with RS-422A 
equipment. 
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RS-366 This standard provides for automatic dialing under computer control. 


Table 11-4 summarizes the features of RS-232C, RS-422A, and RS-423A 
standards. 


TABLE 11-4 


Specification RS-232C RS-423A RS-422A 


T 


SOURCE: Interface Circuits Data Book, Texas Instruments, Inc. 
i 
SECTION 1. What is a modem? 


. What function do modems perform? 
udi E x What type of signal does a modem output to the telephone network? 
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1 igger operates with two threshold or trigger points. When an 
Efe Magic ke i pisi the upper threshold point (UTP), the circuit 
wins and the output goes to its HIGH level. When the input signal decreases 


to the lower threshold point (LTP), the circuit switches back and the output goes 


to its LOW level. This operation is illustrated in Figure 11-41(a). 
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(c) 
FIGURE 11-41 Schmitt trigger operation. 


Original signal 


As you can see, the Schmitt trigger circuit can be used to convert a sine 
wave into a pulse waveform. More importantly, however, in interfacing applica- 
tions it is useful in reshaping pulses that have been distorted in transmission as 
depicted in Figure 11-41(b). Part (c) of the figure shows a simplified diagram of a 
data transmission system to illustrate this application. 

Many standard gates are available in Schmitt trigger versions. The small 
square loop symbol on the inverter or gate symbol indicates a Schmitt trigger 
circuit as shown in Figure 11-42. 
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FIGURE 11-42 Typical logic 
symbols for Schmitt trigger in- [> NEP 


verter and gate. 
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SUMMARY 


How does a Schmitt trigger logic gate differ from a regular logic gate? 
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No extra circuitry is required for CMOS-to-TTL interfacing. 

A pull-up resistor is required for TTL-to-CMOS interfacing. 

TTL totem-pole outputs cannot be safely connected together. 

Open-collector outputs can be wire-ANDed. 

Three-state bus transceivers are used for bidirectional bus interfacing. 

The general-purpose interface bus (GPIB) is defined by the IEEE-488 standard. 
Two methods of digital-to-analog (D/A) conversion are the binary-weighted input 
method and the R/2R resistive ladder method. 

Resolution of a D/A converter is the reciprocal of the number of steps: 1/(2" — 1). 
The fastest method of analog-to-digital (A/D) conversion is the simultaneous method, 
sometimes called the flash method. 

Other methods of A/D conversion are the ramp, tracking, single-slope, dual-slope, and 


successive-approximation. 
A modem is a modulator-demodulator used to interface data terminal equipment (DTE) 


to communications channels. 
The RS-232C is an EIA standard for interfacing DTEs to DCEs. 


SELF-TEST 


Define the term interfacing. T 
What is a major interfacing consideration when CMOS is driving TTL? 


Which interface requires additional circuitry, CMOS-to-TTL or TTL-to-CMOS? 
What is required and why? 

What type of TTL circuit must 
Show the difference between 


sketching the basic circuits. id 
What type of TTL circuit should normally be used to drive an indicator lamp? 


is a bidirectional bus? 
Masi three basic types of devices defined to operate on the IEEE-488 bus. 


Under the IEEE-488 standard, how many devices can be connected to the GPIB? 
Distinguish between analog and digital signals. 


be used in a wired-AND configuration? 
totem-pole outputs and open-collector outputs by 
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What is the percent resolution of a five-bit D/A converter? 

What does the term monotonicity mean in relation to D/A conversion? 

What is the advantage of the tracking-type A/D converter over the stairstep-ramp 
converter? 

What is the bandwidth of the telephone network? 

Explain why digital signals cannot be directly transmitted over the telephone lines. 
What does FSK mean? 

What is an acoustical interface? 

What is the purpose of the RS-232C interface standard? 


PROBLEMS 
LEE 
Section 11-1 
11-1 A 74H CMOS gate drives one standard TTL input and five low-power Schottky 
inputs. Is the fanout of the CMOS gate exceeded? 
11-2 Ном much current can a 74H CMOS gate sink in the low output state? 
11-3 Determine the minimum value of R, required for interfacing a standard TTL with 
ten 74H CMOS gates. Show the circuit. 
11-4 How many 74H CMOS gates can a standard TTL gate drive when А, = 3.3 КО? 
11-5 Find the value of limiting resistor for a 20-mA LED driven by an LS TTL gate with 
open collector. Neglect the resistance of the LED, and use Усс = +5 У. 
11-6 For the wired-AND configuration in Figure 11-43, determine the maximum current 
that each gate must sink. 
FIGURE 11-43 
A 
B 
с 
D 
E 
F 
G 
H 
Section 11-2 
11-7 Determine the signals on the bus line in Figure 11-44 for the data-input and enable 


waveforms shown. 
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FIGURE 11-44 
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11-8 List the handshake lines in the GPIB. 


Section 11-3 


11-9 Determine the output of the D/A converter in Figure 11-45(a) if the sequence of 
four-bit numbers in part (b) is applied to the inputs. 


10 KQ 


Output 


(a) 
FIGURE 11-45 


11-10 Repeat Problem 11-9 for the inputs in Figure 11-46. 


FIGURE 11-46 


11-11 Determine the resolution for each of the following D/A converters: 


(a) five-bit 


(b) ten-bit 


(c) eighteen-bit 
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11-12 Determine the binary output code of a three-bit simultaneous A/D converter for the 
analog input signal in Figure 11-47. The sampling rate is 100 kHz. 
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FIGURE 11-47 


11-13 Repeat Problem 11-12 for the analog waveform in Figure 11-48. 
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0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 ! (49) 
FIGURE 11-48 
11-14 For a three-bit stairstep-ramp A/D converter, the reference voltage advances one 


step every microsecond. Determine the encoded binary sequence for the analog 
signal in Figure 11-49. 


< 
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11-15 For a four-bit Stairstep-ramp A/D converter, 


microsecond. Determine the binary sequence 
Figure 11-50. 


assume that the clock period is | 
on the output for the input signal in 


0 20 30 40 50 60 70 90149 
FIGURE 11-50 


11-16 Repeat Problem 11-14 for a tracking A/D converter. 

11-17 For a certain four-bit successive-approximation A/D converter, the maximum 
ladder output is +8 V. If a constant +6 V is applied to the analog input, determine 
the sequence of binary states for the SA register. 


Section 11-4 
11-18 Determine the digital data stream corresponding to the simplified FSK pattern 
represented in Figure 11-51. 


| | | | | | | | | 
11070 Н211070 Н211270 Hz| 1070 Hz|1270 Hz! 1270 Hz|1070 Н211270 Hz|1270 Hz11270 Hz! 1070 Hz! 


FIGURE 11-51 FSK pattern. 


11-19 Modems are necessary to connect computers to telephone lines because 
(2) The telephone bandwidth is too high for digital signals. 
(b) The :elephone company rules require them. й 
(©) А: упсһгопоиѕ transmission is not permitted over the phone lines. 
(d) None of the above. 
(e) If you chose (d), state the correct reason. 
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Section 11-5 
11-20 For a Schmitt trigger circuit with UTF = 1 V and LTP = 0.5 V, sketch the output 
for the input signal in Figure 11-52. 


1V 
0.5 
_———————— 
0 
FIGURE 11-52 


ANSWERS TO SECTION REVIEWS 


ANSV о nb REN ——— 


Sectloni-el = _ 
1. 400 2. Y - ABCDE 


Section 11-2 
1. So that all devices, except those communicating at any given time, can be disconnected 
from the bus. 


2. Sixteen. 
Section 11-3 
1. Simultaneous (flash). 2. (a) 1.5976 (b) 0.39% 
Section 11-4 


1. Modulator/demodulator for transmitting and receiving digital data. 
2. interfaces between data terminal equipment (DTE) and telephone network. 
3. Tones in the 300-Hz to 3000-Hz bandwidth. 


Section 11-5 
1. И has threshold trigger points. 


In Chapter 2, binary addition, subtraction, multi- 
plication, and division were covered, and tlie 175 
and 2’s complement methods were introduced. 
This chapter expands that coverage to include 
signed binary numbers. Signed BCD addition is 
also covered. ; 

A typical arithmetic logic unit (ALU) is in- 
troduced with applications in a simple processor. 
Two microprocessors, the 6800 and the 8085A, 
are discussed to introduce the concept of the 
microprocessor. However, details of micro- 
processor operation are left for future courses 
dealing specifically with these important devices. 


апп 


oo oO 


In this chapter, you will learn 


How to handle signed binary arithmetic. 
How a specific ALU (the 745381) operates. 
How the ALU, in conjunction with registers 
and control logic, performs arithmetic and 
logic operations 

How to handle signed BCD addition. 

How to implement BCD addition with logic 
elements. 

What a microprocessor is. 

The basic organization of the 6800 and the 
8085A microprocessors. 
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ARITHMETIC PROCESSES WITH AN INTRODUCTION TO MICROPROCESSORS 


BINARY REPRESENTATION OF SIGNED NUMBERS 


The capability of handling both positive and negative numbers is a requirement of 
any arithmetic logic unit (ALU). A signed number consists of both sign and 
magnitude information. The sign indicates whether a number is positive or nega- 
tive, and the magnitude is the value of the number. 

In binary systems, the sign is represented by including an additional bit with 
the magnitude bits. Conventionally, a 0 represents a positive sign and a | repre- 
sents a negative sign. For example, in an eight-bit number the left-most bit is the 
sign bit and the remaining seven bits are magnitude bits. This binary sign and 
magnitude representation is as follows for decimal numbers +107 and — 20: 


01101011 
+ sign | Fes (107,9) 


10010100 


— sign ] E 3 dude (20,0) 


A byte, that is, eight bits of information, is very common in many micro- 
processor systems. With an eight-bit sign and magnitude number, a range of 
values from 01111111, = +1270 to 11111111, = —127,9 can be represented. 
Two or more bytes can be used to represent larger numbers. For example, 16 bits 
include one sign bit and 15 magnitude bits. With this format, a range of numbers 
from 0111111111111111, = +32,767,9 to 1111111111111111, = — 32,767 о can be 
represented. 


Is Complement Form of Negative Numbers 


Negative numbers are represented іп 1°s complement form by inverting all the 
magnitude bits and leaving the sign bit as is. For example, 


— 5310 = 10110101 ——— 11001010 
true form 1’s complement form 


EXAMPLE Convert each negative binary number to 1° complement form: 
(a) 11000100 (b) 10001001 (с) 11110110 (d) 11000011 


12-1 


Solutions 
(а) 11000100 — 10111011 (b) 10001001 — 11110110 
(c) 11110110 — 10001001 (d) 11000011 —> 10111100 
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2’s Complement Form of Negative Numbers 


Most digital systems use 2's complement to represent negative numbers for 
arithmetic operations. One method of obtaining the 2's complement of a negative 
number is to add 1 to the 175 complement, as discussed in Chapter 2. Only the 
magnitude bits are complemented; the sign bit is left a 1. For example, 


11101010 — ——» 10010101 I's complement 
JE i 
10010110 2's complement 


A second method of obtaining the 2's complement was also discussed in 
Chapter 2. Again, only the magnitude bits are affected. The procedure is as 
follows: Starting with the right-most bit, the bits remain uncomplemented up to 
and including the first 1. The remaining magnitude bits are inverted. 


complemented 
| |. —uncomplemented 


10110110 — true form 
11001010 2% complement 


EXAMPLE Convert each of the following negative signed binary numbers to 2's comple- 


12-2 ment form using both of the methods just discuss: 1: 


(а) 10010010 (b) 10110000 © 11110111 (d) 10000000 


Solutions : А 
(a) Taking the 1’s complement and adding 1 yields 


10010010 ——— 11101101 1's complement 
+1 
11101110 2° complement 


Using the second method, we have 
10010010 — —— 11101110 
ыман ай ойе Ие 


(b) Take the Гз complement and add 1. 
10110000 ——— 11001111 1’s complement 


+1 
11010000 — 2's complement 


Use the second method: 
1 11010000 
101 0000, + 


| ивы ——uncomplemented 
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(c) Taking the 1's complement and adding 1, we obtain 


11110111 ——— 10001000 1’s complement 
t1 
10001001 2's complement 


Using the second method yields 
11110111 ————— 10001001 


аы ннн 
(d) Take the 1’s complement and add 1: 


10000000 —— 11111111 1’s complement 
+1 
A^ 00000000 2° complement 


Use the second method: 
10000000 ———— 10000000 
фам ы n 


Le быны 


SECTION 
REVIEW 
12-1 


12-2 


1. Determine the decimal equivalent of each of the signed binary numbers (all 
are in true form). 
(a) 0011011 (b) 11011101 (c) 01010001 

2. Express each decimal number in 2’s complement. 
(a) -38 (b) —59 (© -273 


SIGNED BINARY ARITHMETIC 


Binary Addition 


In this section you will see how signed binary numbers are added. The 2's 
complement will be used to represent negative numbers. 
There are four cases that must be considered when adding two numbers: 


1. Both numbers positive 

2. Positive number and smaller negative number 
3. Positive number and larger negative number 
4. Both numbers negative 


We will take one case at a time. Eight bits are used to represent each number. 
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Both numbers positive In this case, both sign bits are zero and a 2's complement 
is not required. To illustrate, we will add +7 and +4: 


Positive number and smaller negative number In this case, the true binary form of 
the positive number is added to the 2's complement of the negative number. The 
sign bits are included in the addition, and the result will be positive. To illustrate, 
we will add +15 and —6: 


15 00001111 

+ -6 11111010 

9 1 00001001 
discard carry 


Notice that the sign of the sum is positive (0) as it should be. 


Positive number and larger negative number Again, the true binary form of the 
positive number is added to the 2's complement of the negative number. The sign 
bits are included in the addition, and the result will be negative. To illustrate, we 
will add + 16 and — 24: 


16 00010000 
+ -24 11101000 
-8 11111000 — 2's complement of —8 


Notice that the result automatically comes out in 2's complement because it 
is a negative number. 
Both numbers negative In this case, the 2's complements of both numbers are 
added and, of course, the sum is a negative number in 2's complement form. To 
illustrate, we will add —5 and -9: 


-5 11111011 
+ -9 11110111 
—14 x 11110010 — 2's complement of — 14 
discard carry 


Overflow n TN 
umber of bits in the sum exceeds the num r of in each of the 
ber beri overflow results, as illustrated by the following example. 
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ia 
sign incorrect D coins incorrect 


The overflow condition can occur only when both numbers are positive or 
both numbers are negative. It is indicated by an incorrect sign bit. 


Summary of Signed Addition 


The following is a summary of the four cases of signed binary addition. 


Both numbers positive: 
1. Add both numbers in true (uncomplemented) form, including the sign 
bit. 
2. The sign bit of the sum will be 0 (+). 
3. Overflow into the sign bit is possible. The sign bit and the magnitude of 
the sum will be incorrect if an overflow occurs. 


Both numbers negative: 

1. Take the 1’s or 2's complement of the magnitude of both numbers. 
Leave the sign bits as they are. 

2. Add the numbers in their complement form, including sign bits. 

3. Add the end-around carry in the case of the 1’s complement method; 
drop the carry in the case of the 2's complement method. The sign bit of 
the sum will be 1 (—), and the magnitude of the sum will be in comple- 
ment form. 

4. Overflow into the sign bit is possible. The sign bit and magnitude of sum 
will be incorrect if an overflow occurs. 


Larger number positive, smaller number negative: 


1. Take the l's or 2's complement of the magnitude of the negative 
poor Leave the sign bit as is. A positive number remains in true 
‘orm. 

2. Add the numbers, including the sign bits. 

3. Add the end-around carry for the 1’s complement method; drop the 
carry for the 2’s complement method. The sign bit of the sum will be a 0 
(+), and the magnitude will be in true form. 

4. No overflow is possible. 


_ that all operations require on 
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Larger number negative, smaller number positive: 


i. Take the 1’s or 2's complement of the magnitude of the negative 
number. Leave the sign bit as is. A positive number remains in true 
form. 

2. Add the numbers, including the sign bits. 

3. No carries will occur. The sum will have the proper sign bit, and the 
magnitude will be in complement form. 

4. No overflow is possible. 


Now that we have examined the basic arithmetic processes by which two 
numbers can be added, let us look at the addition of a string of numbers added two 
at a time. This can be accomplished by adding the first two numbers, then adding 
the third number to the sum of the first two, then adding the fourth number to this 
result, and so on. The addition of several numbers taken two at a time is illustrated 
in the following example, which is the basic way adders operate in microprocessor 


systems. 


Add the numbers 2, 4, 6, 5, 8, and 9. 


Solution 


< first sum 
< second sum 
< third sum 
< fourth sum 


4 < final sum 


Binary Subtraction 
Subtraction is a special case of addition. For example, subtracting +6 (sub- 


trahend) from +9 (minuend) is equivalent to adding —6 to +9. 

Basically the subtraction operation changes the sign of the subtrahend and 
adds it to the minuend. The 2's complement method can be used in subtraction so 
ly addition. The four cases that were discussed in 

: iti i he subtraction process 
tion to the addition of signed numbers apply to M 
regis subtraction can be essentially reduced to an addition process. The follow- 


ing example will illustrate. 
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Perform each subtraction in binary for each pair of decimal numbers using the 
2's complement method. 

(а) 8-3 (b 12 = (-9) (©) -25- 8 

(d -58—(-32) (e 17 – 28 


00001000 
+ 11111101 2's complement of — 3 
4 00000101 +5 

00001100 
+ 00001001 


00010101 +21 


11100111 2's complement of — 25 
+ 11111000 2's complement of — 8 
11011111 2's complement of — 33 


11000110 2's complement of — 58 
+ 00100000 
11100110 2's complement of — 26 


00010001 
+ 11100100 2's complement of —28 
11110101 2's complement of — 11 


Binary Multiplication 


In binary multiplication the two numbers are the multiplicand and the multiplier, 
and the result is the product. The magnitudes of the numbers must be in true form, 
and the sign bits are not used during the multiplication process. 

The sign of the product depends on the signs of the two numbers that are 
being multiplied. If the two numbers have the same sign, either both positive or 
both negative, the product is positive. This is illustrated with decimal numbers as 
follows: 


(+3)(+5) = +15 (—4)(—5) = +20 
(- 10)(+3) = -30 (*6(-8) = —48 


In the multiplication process, the sign bits of the two numbers are checked 
and the resulting sign of the product is stored prior to the actual multiplication. 
Once the product sign is determined, the multiplicand and multiplier sign bits are 
discarded, leaving only the magnitudes to be multiplied. 


The multiplication process Multiplication of binary numbers in arithmetic units is 
often accomplished by a series of additions and shifts similar to the way you 
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multiply in longhand. So, as in subtraction, only an adder is required. The 
following example illustrates binary multiplication of two unsigned seven-bit 
numbers. 


EXAMPLE Multiply 1010011 (83,,) and 0111011 (59,9). The seven bits represent the magni- 
12-6 tudes of the numbers and are given in true form. The signed bits are not 
included here. 


Solution 


1010011 multiplicand 
x 0111011 multiplier 


1010011 
1010011 
0000000 
1010011 partial products 
1010011 
1010011 
+ 0000000 
1001100100001 final product (4897,,) 


Notice that the number of partial products equals the number of multiplier 
bits. Also, each partial product is shifted one bit to the left with respect to the 
previous partial product. The final product, which is the sum of the shifted 
partial products, can have up to twice the number of bits as the original 


numbers. 


Most arithmetic logic units can add only two numbers at a time. Because of 
this, each partial product is added to the sum of the previous partial products, and 
the sum of the partial products is accumulated. For example, the first partial 
product and the second partial product are added; then the third partial product is 


added to this sum; and so on. КЛ, j 
Now we will go through the previous multiplication example as a typical 


arithmetic unit would handle it. 


in Example 12-6, except this time keep a running 


iplication 
EXAMPLE | Repeat the maps sum so that only two numbers will have to be added 


12-7 total of the partial product 
at a time. 
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Solution 
1010011 
x 0111011 


1010011 
+ 1010011 


11111001 
+ 0000000 . 


O11111001 
+ 1010011 


1110010001 
+ 1010011 


100011000001 
+ 1010011 


1001100100001 
+ 0000000  — 


1001100100001 


multiplicand 
multiplier 


Ist partial product 
2nd partial product 


sum of Ist and 2nd 
3rd partial product 


sum 
4th partial product 


sum 
Sth partial product 


sum 
6th partial product 


sum 
7th partial product 


final product 


The multiplier and multiplicand must be in true form when multiplied. In a 
computer using the 2's complement system, any negative number is already in 2's 
complement form and must be converted to its true form before multiplying. A 
negative number is converted back to its true form by taking the 2's complement 
of the 2's complement. For example, let us convert a signed binary number from 
its true form to 2's complement and then back to the true form: 


10101110 —— — ——. 11010010 —— — —— 10101110 
true 2's comp. true 


To summarize the multiplication process in a typical 2's complement arith- 
metic unit, the following steps are listed: 


1. Obtain the multiplicand and multiplier. 

2. If either number or both are negative, convert them to true form. 

3. Examine both sign bits and store the sign of the product. (If both signs 
are the same, the product is positive; if signs are different, the product is 
negative.) 

4. Examine each multiplier magnitude bit beginning with the right-most bit. 
When the multiplier bit is a 1, shift the partial product sum one place to 
the right and add the multiplicand magnitude bits. This is, in effect, the 
same as shifting each new partial product one place to the left as in the 
previous example. 
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If the multiplier bit is a 0, the partial product sum is shifted one 
place to the right and no addition is performed. This is effectively the 
same as adding an all-zeros partial product. 

5. Attach the predetermined sign bit to the final product. If the sign is 
negative, put the product into 2’s complement form. 


The following example will illustrate the steps in this process. 


EXAMPLE Multiply the following two signed binary numbers: + 1075 and —51,,. The 


12-8 


negative number is in 2’s complement form. 
01101011 x 11001101 


Solution 
Step 1. Put the negative number in true form: 


11001101 — — —9 10110011 
2's complement true number 


Step2. Determine the sign of the product. Because the signs are different, the 
product will have a negative sign bit (1). 
Step 3. Multiply the magnitudes: 
1101011 multiplicand magnitude (107,9) 
0110011 multiplier magnitude (51,6) 
Ist multiplier bit = 1 1101011 Ist partial product 
1101011 shift right 
2nd multiplier bit = 1 +1101011 2nd partial product 
101000001 sum 
101000001 shift right 
3rd multiplier bit 101000001 shift right (3rd part. prod. = 0) 
4th multiplier bit 101000001 shift right (4th part. prod. = 0) 
5th multiplier bit + 1101011 — Sth partial product 
11111110001 ит 
11111110001 shift right 
6th multiplier bit = 1 + 1101011 6th partial product 


1010101010001 final product 
(7th part. prod. — 0) 


Attach the sign bit and take the 2's complement of the final product 


because it is negative: 
1101010101111, = 545749 


Step 4. 
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Multiplying by repeated addition Another way to multiply two numbers is to 
simply add the multiplicand a number of times equal to the value of the multiplier. 
For example, to multiply 4 and 8, we can add 8 four times as follows: 


8 
32 final product 
This can be done with binary numbers in digital systems as follows: 


1. First, both magnitudes are put into true form, and the sign of the product 
is stored as previously described. 

2. Bring down the multiplicand and decrement the multiplier. (Subtract 1 
from the multiplier by adding the 2's complement of 1.) 

3. Check the multiplier for zero value. If it is zero, then the multiplication 
is complete. If the multiplier is not zero, add the multiplicand to the 
previous multiplicand sum. 

4. This process continues until the multiplier equals zero. At that point, the 
multiplicand has been added a number of times equal to the value of the 
multiplicand. The final product is available and the sign is attached. 


EXAMPLE Multiply 1011010 (90,5) and 0000011 (3,,). Both numbers are true magnitudes. 
12-9 The smaller number is the multiplier. 


Solution 
Step 1. Bring down the multiplicand and decrement the multiplier: 


multiplicand — 1011010 0000011 
+1111111 's complement of 1 
4 0000010 


Step 2. Check the multiplier for zero value: 
multiplier = 0000010 = 2 
Step 3. Add the multiplicand to itself: 


1011010 
+1011010 
10110100 
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Step 4. Decrement the multiplier: 


0000010 = 2 
+1111111 = 2's complement of 1 
1 0000001 = 1 


Step 5. Check the multiplier for zero value: 
multiplier = 0000001 = 1 
Step 6. Add the multiplicand to the previous multiplicand sum: 


10110100 
+1011010 
100001110 


Decrement the multiplier: 
0000001 = 1 
+1111111 = 2’s complement of 1 
+ 0000000 = 0 
Step 8. Check the multiplier for zero value: 
multiplier = 0000000 = 0 
Step 9. The multiplication is complete and the final product is the last multipli- 
cand sum: 
100001110 


This product is 270,0, which is correct because the multiplicand is 90,, and the 
multiplier is 30. 


Binary Division 

ivisi ivii he divisor. The result is 
In division, the two numbers are called the dividend and t i es 
he quotient. The sign of the quotient is determined from the signs of the dividend 
and divisor. If both signs are the same, the quotient is positive. If the signs differ, 


the quotient is negative. 


ivision in ari ic units can be accomplished by re- 

he division process Division in arithmetic units с b y 
5004 а. Since subtraction can be done with 2's complement addition, 
the division process requires only an adder. Keep in mind that the quotient is the 
number of times that the divisor goes into the dividend. The process is as follows: 


in the divisor and dividend. Initialize the quotient to zero. 
i ed the divisor from the dividend to get the partial remainder. If 
| this remainder is positive, increment the quotient. (Add 1 to the quo- 
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tient.) A positive partial remainder indicates that the divisor goes into 
the dividend (or partial remainder). If the partial remainder is negative, 
the divisor does not go into the dividend (or partial remainder), and 
therefore the division is complete. 

3. If the partial remainder is positive, repeat step 2 by subtracting the 
divisor from the partial remainder. 


The following example will illustrate this process. 


EXAMPLE Divide 01100100 by 00110010. The decimal equivalent of this division is + 100, 
12-10 divided by +50j9. 


Solution 


Step 1. Initialize the quotient to zero. Subtract the divisor from the dividend 
using 2's complement addition. 


01100100 dividend 
3 11001110 2's complement of divisor 
00110010 positive Ist partial remainder 


sign — —1 


А positive partial remainder indicates that the divisor goes into the 
dividend and therefore the quotient is incremented by one. The new 
quotient is 00000001. 

Subtract the divisor from the Ist partial remainder: 


00110010 Ist partial remainder 
+ 11001110 2’s complement of divisor 
00000000 positive 2nd partial reraainder 


+ if 


Increment the quotient to 00000010. 
Subtract the divisor from the 2nd partial remainder: 


00000000 2nd partial remainder 
+ 11001110 2's complement of divisor 
11001110 negative 3rd partial remainder 


SE E uet ан, 


The negative remainder indicates that the divisor will not go into the 
2nd partial remainder. Therefore, the final quotient is 00000010 = 2,9 
and the division is complete. 


In this particular example, the zero 2nd partial remainder indicated that 
the division was complete. However, a zero remainder does not always occur, 
and therefore the check for a negative partial remainder is a more general test. 


12-3 IMPLEMENTATION OF SIGNED BINARY ARITHMETIC 593 


pepe сс АА 2 TREY SP EAC ROTO NAE Cd ВОО 


SECTION 1. Add the following signed binary numbers: 
REVIEW (а) 01101101 + 00001110 (b) 10011101 + 00111010 
12-2 2. Perform the following signed binary subtractions: 

(а) 01110110 — 10111001 (b) 11011011 — 10111101 
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First, as an example of an arithmetic logic unit (ALU), a specific device is 
examined. 


The 745381 Arithmetic Logic Unit/Function Generator 


The 748381 performs eight different operations, including binary arithmetic and 
logic functions on two 4-bit words as well as clear and preset operations. This 
device is represented in Figure 12-1 by the ANSI/IEEE Std. 91-1984 logic 
symbol. : 

The eight operations or modes (M) are selected by the three select inputs So, 
5,, and S,. The $ label after the M indicates that there are eight modes (0 through 
7). The CP (carry propagate) and CG (carry generate) outputs provide look- 
ahead-carry functions for cascading with look-ahead-carry generators (74182) to 
expand the number of bits handled. In two of the eight modes, all the F (function) 


RE 12-1 Logic symbol for the 748381 arithmetic logic unitlfunction generator. 
FIGU 
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outputs can be made LOW (clear) or HIGH (preset) with the select inputs. The C, 
input acts as a carry input (CI) for an addition and as a borrow input (BI) for 
a subtraction. The (1/2)BI label indicates that BI is active for modes 1 and 2 
(B minus A and A minus B). The 3CI label indicates that CI is active for mode 3 (A 
plus В). 

Table 12-1 lists the functions that this device can perform. Since both 
multiplication and division can be performed using addition or subtraction, a 
complete arithmetic processor can be constructed using appropriate external logic 
circuits in addition to the ALU. 


A Basic Processor Unit 


A simplified processor using generalized registers and control logic in conjunction 
with an ALU is used to illustrate, on a simplified basis, the essential steps in 
arithmetic operations with eight-bit binary numbers (operands). The simplified 
processor is shown in Figure 12-2. This system illustrates how the typical micro- 
processor performs addition and subtraction as well as logic operations. 

Most microprocessors do not have direct (hardware) multiplication and 
division. Instead, they are programmed to do multiplication, for example, with a 


Data register 


Decoding 
& 


control 


FIGURE 12-2 Basic processing unit. 
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TABLE 12-1. Functions of the 745381 ALU. 


Comments 


series of addition and shifts and to do division with a series of subtractions and 
comparisons, as was discussed in the previous section, 


Addition In an addition operation, negative numbers are normally handled inter- 
nally in the ALU using the 2’s complement method. The two 8-bit numbers to be 
added (A, through A, and B; through Bp) are loaded into the accumulator and the 
data register, respectively. The sign logic checks the signs bits (A; and B,) of both 
numbers to determine the potential for overflow (both positive or both negative). 
The control logic produces the appropriate select inputs to the ALU for an add 
operation (5 = 0, 5, = 1, and Sy = 1) in response to an external instruction. 
The ALU performs the addition and produces the sum on its function (F) 
outputs. These outputs are then stored back in the accumulator, replacing the 
previous operand. The sign of the sum is checked for overflow. When several 
numbers are to be added, the next number is loaded in register B and the process 
is repeated. Figure 12-3 illustrates the process with two specific numbers as 


examples. 


subtraction operation, the two 8-bit numbers are loaded into the 

TT eM. complementation is handled internally in the 
Ness function-select inputs to the control logic produce the appropriate 
in uts to the ALU for a subtract operation (S; = 0,5, = 1, and $ = 0) in 
s external instruction. The remainder of the process is the same as 
MAC the result (difference) placed in the accumulator, replacing the 


be Figure 12-4 illustrates with specific numbers. 


Реа 


і tions of the accumulator? 
EEUU n Ме: во not have a multiplication or division instruc- 
VIEW 2. y dom 


12-3 tion? 


SIGN = 1 ШШШ! 
PELE L i] remo o 


CLK 


(a) The operands (numbers to be added ) are loaded into 
the registers. 


(b) The operands are added and the sum is placed 
in the accumulator [90 + (—55) = 35]. 


FIGURE 12-3 А basic addition operation. 
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SIGN = 0 Data 


register 
(B) 


Decoding 


LOAD & 
INSTRUCTION control 
logic 
Accumulator (A) 
DIRO 1 Я ЬО. 
(a) The operands (numbers to be subtracted) are loaded into 
the registers. 
Data 
register 
(B) 
SUBTRACT asi 
INSTRUCTION б | 
B-A contro 
f logic 


Accumulator (A) 


(b) The operands are subtracted and the difference is 
placed in the accumulator (73 — 58 = 15) 


FIGURE 12-4 A basic subtraction operation. 
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12-4 ADDITION OF SIGNED BCD NUMBERS 


BCD is a numerical code, and many applications require arithmetic operations 
with BCD. Two BCD (8421) numbers are added as follows: 


1. Add the two numbers using binary addition. 

2. If the four-bit sum is equal to or less than 9, it is valid. 

3. If the four-bit sum is greater than 9 or if a carry is generated from the 
four-bit sum, the sum is invalid. 

4. To adjust the invalid sum, add 0110, to the four-bit sum. If a carry 
results from this addition, add it to the next higher-order BCD digit. 


Addition of signed BCD numbers can be performed by using 9's or 10° 
complement methods. A negative BCD number can be expressed by taking the 9's 
or 10° complement. Recall that the 10's complement is the 9's complement plus 1. 

Addition of signed BCD numbers basically follows the rules listed except for 
the complement operation for negative numbers. The following example shows 
addition of both 8421 BCD and Excess-3 signed numbers using the 10's comple- 
merit method. 


EXAMPLE Decimal BCD (8421) Decimal BCD (8421) 
12-11 (a) 5 10's comp. of —3: (b -8 /0'зсотр.о/—8: 

*(-3) true BCD +6 0 true BCD 

2 9's comp. 722 9's comp. 


10°5 comp. 10’s comp. 


+5 -8 
<< +6 
invalid —2(10’s comp.) 
add 6 : 
+2 
drop carry 


10’s сотр. of — 17: 


100010111 true BCD 
100000010 9's comp. 
+1 
110000011 10° comp. 
000100100 +24 
+ 110000011 -17 
110100111 MSD invalid 
+0110 add 6 
000000 111 +7 
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A BCD Adder 


Figure 12-5 shows a basic BCD adder. Functionally, the system operates as 
follows: Two 4-bit BCD digits are entered into the adder along with any input 
carry. The resulting sum is compared to 9,, (1001,), and if it is equal to or less than 
9 and no output carry occurs, it is gated through the sum selection logic to the final 
outputs. If the sum is greater than 9 and if an output carry occurs, the sum is 
invalid. The correct sum adder is enabled, adding 6 (01105) to the invalid sum; the 
corrected sum is then gated through the sum selection logic to the final outputs. 
The carry outputs of both adders are ORed and go to the next higher stage (if any). 


Two BCD digit inputs 
B3 B, B, Bo Аз 42 А; 40 


Input carry from 
lower-order 
stage 


Four-bit adder 


Correct sum 
adder 
(adds 6) 


Corrected sum 


Select corrected sum SUM SELECTION 
LOGIC 


Output carry fenem 

to next higher-order BE Ed 

stage. BCD 
single-digit BCD adder. 


FIGURE 12-5 Basic block diagram for 
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SECTION 1. What two conditions indicate that a BCD sum is invalid? 
REVIEW 2. Which of the following BCD sums are invalid: 
12-4 (а) 0101 (b) 1010 (с) 1001 


12-5 MICROPROCESSORS 


Processing units similar to the one introduced in Section 12-3 form the heart of all 
microprocessors. Most microprocessors also have several additional registers and 
controls for programming and interfacing with memories and peripheral devices. 

The basic architecture (internal organization) of two popular families of 
microprocessors are used as examples: the Motorola 6800 and the Intel 8085A. 
The purpose of this coverage is to provide only a brief introduction to micro- 
processors. A detailed coverage is beyond the scope of this book. 


The 6800 


A generalized block diagram of the 6800 microprocessor is shown in Figure 12-6. 
Notice that all the elements are interconnected by an eight-bit common internal | 
bus structure. This microprocessor can handle data in groups of eight bits from the 
data bus, and it has a sixteen-bit address bus. Thus, up to 65,536 memory 
locations can be addressed. All memory (other than registers) is external to this 
particular microprocessor, thus requiring additional chips to form a complete 
microcomputer system. 

The registers in the 6800 are as follows: two 8-bit accumulators, one 16-bit 
index register, one 16-bit program counter, one 16-bit stack pointer, one 8-bit 
condition code register, and one 8-bit instruction register. The 16-bit registers are 
actually treated as a combination of two 8-bit registers. The H label refers to the 
high-order eight bits, the L label to the low-order eight bits. A brief description of 
the function of each element in the microprocessor follows. 


Accumulator As you learned in Section 12-3, one function of the accumulator is 
to store an operand prior to an operation by the ALU, and the other function is to 
temporarily store the result of the operation. 


Program counter This sixteen-bit counter produces the sequence of memory 
addresses in which the program instructions are stored. The content of the 
program counter is always the memory address from which the next instruction is 
to be taken. 


Instruction register When the contents of the program counter go out onto the 
address bus to the memory, an eight-bit instruction is read from that memory 
location and is transferred on the data bus, to be temporarily stored in the 
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ADDRESS BUS 
48-415 


ADDRESS BUS 
40-47 


Data bus 
Do-D7 


FIGURE 12-6 Block diagram of 6800 microprocessor. 


instruction register until it is decoded and executed by the instruction decode and 
control element. 


Instruction decode control An instruction is a binary code that tells the 
icroprocessor vig is to do. A sequence of many different instructions 
micro} . 
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designed to accomplish a specific result is a program. In other words, a program is 
a step-by-step procedure used by the microprocessor to carry out a specified task. 

The instruction decode and control element decodes an instruction code that 
has been transferred on the data bus from the memory. The instruction code is 
often called an op code. When the op code is decoded, the instruction decoder 
provides the control unit with this information so that it can produce the proper 
signals and timing sequence to execute or carry out the instruction. 


Condition code register The basic purpose of this element is to indicate the status 
of the contents of the accumulator or certain other conditions within the inicro- 
processor. For example, it can indicate a zero result, a negative result, the 
occurrence of a carry, and the occurrence of an overflow from the accumulator. 


Index register The register is used in conjunction with one of the several address- 
ing modes in the 6800 called indexed addressing. 


Stack pointer This register is used in conjunction with a portion of RAM that is 
set aside for use as a memory stack. The stack is used mainly to temporarily store 
the contents of all tlie registers when a subroutine is called or an interrupt requires 
the microprocessor to temporarily cease its current operation to respond to a 
request from an external device that needs to send data or requires service from 
the microprocessor. When an interrupt request has been serviced, the contents of 
the stack are transferred back into the appropriate registers and the micro- 
processor continues where it left off. The stack pointer is. used to address the 
stack portion of RAM for storing and retrieving data in such a situation. 

A logic symbol of the 6800 showing input and outputs with pin numbers 
appears in Figure 12-7. 

The 6800 was the first of the Motorola microprocessor family and is still a 
widely used device. It requires three other chips to form a complete microcom- 
puter system: an external clock generator, a RAM, and a ROM. Some additional 
devices in the family that have evolved from the 6800 are now briefly described. 

The 6802 microprocessor is basically the same as the 6800 except that it has 
an on-chip clock generator and 32 bytes of RAM. The 6808 is the same as the 6802 
without the on-chip memory. The 6801 is basically an eight-bit single-chip micro- 
computer having on-chip clock generation, two kbytes of ROM, and 128 bytes of 
RAM. The 6805 is also an eight-bit single-chip microcomputer with additional 
enhancements. Finally, the 68000 is a third-generation microprocessor that can 
handle sixteen bits of data at a time rather than eight. 


The 8085A 


A generalized block diagram of the Intel 8085A microprocessor is shown in Figure 
12-8. The 8085A has an eight-bit data bus which is shared with a sixteea-bit 
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Eight-bit microprocessor 
CLOCK. Ф| 9i BA 
CLOCK, $5 

RESET 

NONMASKABLE INTERRUPT 
HALT 

INTERRUPT REQUEST 
THREE-STATE CONTROL 
DATA BUS ENABLE 


BUS AVAILABLE 


VALID MEMORY ADDRESS 


READ/WRITE 


А0 

^i 
Do a 
Di Аз 
D; Ay 
Di As 
Di 4% 
Ds ^; 


FIGURE 12-7 Logic symbol of 6800 microprocessor. 


ice that like the 6800, the 8085A also has a sixteen-bit program 
A deti stack pointer, and an eight-bit instruction register. The flag 
register is basically equivalent to the condition code register in the 6800. 

The 8085A has a single 8-bit accumulator and six 8-bit general-purpose 
registers (B, С, D, E, H, and Г). Two general-purpose registers in the register 
array can be combined to form 16-bit registers. = 1 Т 

The incrementer/decrementer is associated with the register иу ап Г 
iows each register to be incremented (increased by 1) or decremente (decrease 

independent of the ALU and accumulator. The single temporary register 
^ 9^ m ith the accumulator holds one of the operands for an ALU operation. 
us 8085A operates on a single 5-V supply. The required clock signals are 
Rud наду by connecting ап external crystal between X1 and X2. Also 


oW PPP 


"40$$2204d04211 y (90g Јо штадтр ¥2014 8-1 380914 


sng viva/ssasaav sng ssaxaav 
°qy—ay 8y-Sly Syeudys joss 7 Burung 


sng wep үешәзш 19-1481 
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notice that the 8085A has serial input data (SID) and serial output data (SOD) 
capability for use in simple forms of serial communications, such as a teletype. 

A logic symbol showing inputs and outputs with pin numbers appears in 
Figure 12-9, 


Ф 


Eight-bit microprocessor 
8085A zl 04) as 
XI XI IO/M 10/M 
Crystal 
x2 ALE Address latch enable 
READY RST OUT RESET OUT 
Serial data in READ 
WRITE 
Vectored CLOCK OUT 
interrupts Interrupt acknowledge 
HOLD acknowledge 
HOLD Data bus status 
Interrupt 
Reset in Serial data out 


ADo 
AD, 
AD, 
AD; 
ADs 
ADs 
ADs 
AD; 


ADR/DATA 


FIGURE 12-9 Logic symbol of 8085A microprocessor. 
И И ТТ 
SECTION 1. When someone says that a certain microprocessor is an'eight-bit device, what 


REVIEW 
12-5 


does this mean? 
2. How does a microprocessor address a memory? 
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SUMMARY 


нанне 


О А positive binary number is represented by a 0 sign bit. 

О А negative binary number is represented by a | sign bit. 

O For arithmetic operations, negative binary numbers are represented in 1's complement 
or 2’s complement form. 

O In an addition operation, an overflow is possible when both numbers are positive or 
when both numbers are negative. An incorrect sign bit in the sum indicates the 
occurrence of an overflow. 

О An ALU is an arithmetic logic unit that performs addition, subtraction, and logic 
operations. 

O An accumulator is a register that stores an operand prior to an operation and then 
stores the result of the operation. 

O The Motorola 6800 is a microprocessor with one 8-bit data bus, one 16-bit address bus, 
one 16-bit program counter, one 16-bit stack pointer, one 16-bit index register, 
two 8-bit accumulators, one 8-bit condition code register, and one 8-bit instruction 
register. 

D] The Intel 8085A is a microprocessor with one 8-bit data bus that is shared with a 16-bit 
address bus, one 8-bit temporary register, six 8-bit general-purpose registers, one 
16-bit stack pointer, one 16-bit program counter, one 8-bit instruction register, and one 
8-bit accumulator. 

SELF-TEST 

1. How are signed binary numbers represented? 

2. In ап addition operation, how are negative binary numbers handled? 

3. Explain overflow and list the conditions for which an overflow is possible. 

4. How can overflow be detected? 

5. List the operations performed by the 745381 ALU. 

6. In what mode is the 745381 when S, = 1, 5, = 1, and 5% = 0? 

7. Theresult of an arithmetic or logic operation in an ALU is placed in a register called 
the. slo s. 

8. The two numbers on which an arithmetic or logic operation is to be performed are 
Gd S i omues 

9. How is an invalid BCD sum adjusted? 

10. Explain the purposes of the data bus and the address bus in microprocessor-based 

systems. 

11. Describe briefly the purpose of each of the following microprocessor elements: 

(a) Program counter (Б) Stack pointer (с) Index register 
(d) Condition code register (е) Instruction register 
12. Why does a microprocessor generally have more address bus lines than data bus 


lines? 
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PROBLEMS 
——————————M———] 
Section 12-1 
12-1 Convert each negatively signed true binary number to 1's complement form. 
(a) 10010001 (b) 11100111 (c) 10000101 (d) 11110111 


12-2 Convert each negatively signed true binary number to 2's complement form. 
(a) 10000110 (b) 11111000 (е) 10101010. (а) 10001111 


Section 12-2 

12-3 Convert each decimal number to signed binary, and perform each addition using 
the 2's complement method when appropriate. Leave negative results in 2's com- 
plement form. 

(а) 33+ 15 (b) 56 + (-27) (с) 99 + (—75) 
(d) —46 + 25 (e) —110 + (-84) 

12-4 Perform the additions using the 2's complement method. Each signed binary 
number is shown in true (uncomplemented) form. Leave negative results in 2’s 
complement form. 

(a) 01001 + 10110 (b) 00110 + 10011 (c) 10100 + 10010 
(d) 11101 + 10001 (e 11000 + 00111 (f) 10101 + 01010 

12-5 Repeat Problem 12-4 using the 1's complement method. 

12-6 Perform each subtraction by converting to signed binary and using the 2's comple- 
ment method. Leave negative results in 2's complement form. 

(а) 43-27 (b) 20- (-14 (е) 30 – (-45) 

12-7 Multiply the signed binary numbers using repeated addition. 


Multiplicand: 011110110 
Multiplier: 100000100 


12-8 Divide 010000100 by 001100011. 


Section 12-3 EN 
12-9 Determine the output (F,F;F,F;) of the 745381 ALU for each of the following input 
conditions: 


- 5,5150 = 001 
(а) А.А.А,Ао = 0110, B,B,B,B, = 1010, and 5,5,5, 
(b) AAAA, = 1110, B,B,B,B, = 0110, and 55,5 = 110 
(c) A}A,A;Ao = 1000, B,B,B,B, = 0100, and 5515 = 101 | 
What are the contents of the accumulator in Figure 12-2 after each of the following 


"ow 


12-10 


rations: ; 
pA Operand A: 10001011; operand B: 01101010; Mode: 100 ($55,5,) 
(b) Operand A: 11011111; operand B: 01100011; Mode: 010 
Assume that the mode selection is the same as for the 745381 ALU. For operands, 


the right-most bit is the LSB and the left-most bit is the sign. 


жак" BCD numbers: 
llowin n : 
Hn б sen (b) 1000 + 0001 © 0101 + OINI 


(d) 0111 + 0110 
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12-12 Convert the following decimal numbers to BCD and perform the indicated addi- 


tion: 
(а) 7+2  Á() 1249 (с) 49 + 36 (d) 192 + 148 


Section 12-5 

12-13 Which of the following statements is (are) true: 
(a) The 6800 is a complete microcomputer. 
(b) The 6800 has an eight-bit address bus. 
(c) The 6800 has two accumulators. 
(d) The 6800 has a sixteen-bit data bus. 
(e) The 6800 and the 8085A are both eight-bit microprocessors. 

12-14 Ifthe program counter in a microprocessor contains 0OFA,,, what is the address (in 
hexadecimal) of the previously addressed byte in memory? 

12-15 The hexadecimal representations of two numbers аге 0A,, and IC,,. If these 
numbers are added in the ALU, what is the hexadecimal representation of the 
contents of the accumulator after the operation? 


12-16 Draw the basic block diagram of a microcomputer. 


ANSWERS TO SECTION REVIEWS 


Section 12-1 
1. (a) +27 (b -93 (с) +81 
2. (a) 1011010 (b) 1000101 (с) 1011101111 


Section 12-2 
1. (а) 01111011 (b) 00011101 
2. (a) 00101111 (b) 1001100 


Section 12-3 

1, Stores one operand before operation; stores result after operation. 

2. Because multiplication and division can be performed using addition or subtraction by 
properly programming the microprocessor. 


Section 12-4 
1. Greater than 9; a carry is generated. 
2. (b) 1010 


Section 12-5 
1. И has an eight-bit data bus. 
2. By sending an address code out on the address bus to the memory. 
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INTEGRATED CIRCUIT INVERTERS 


TTL Inverter 


Transistor-transistor logic (TTL ог TL) is one of the most widely used integrated 
circuit technologies. The basic element in TTL circuits is the bipolar transistor. 
The logic function of an inverter or any type of gate is always the same regardless 
of the type of circuit technology that is used. TTL is only one way to build an 
inverter or any other logic function. Figure А-1 shows a TTL circuit for an 
is the input coupling transistor, and D, is the input clamp diode. 
is called a phase splitter, and the combination of Q, and Q, forms 
ferred to as а totem-pole arrangement. The operation of 
he circuit, including diode D,, will now be dis- 


inverter; Q, 
Transistor Q; 
the output circuit often re 
each of these components in t 


poco the input is a HIGH, the base-emitter junction of Q, is reverse biased, 
and the base-collector junction is forward biased. This permits ta r К, 
and the base-collector junction of Q, into the base of О,, thus hing 0: шд 
saturation. As а result, Оз is turned on by О,, and its collector voltage, which is 
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+Исс 


Input Output 


FIGURE A-1 TTL inverter circuit. 


the output, is near ground potential. We therefore have a LOW output for a HIGH 
input. At the same time, the collector of О, is a sufficiently low voltage level to 
keep Q, off. 

When the input is LOW, the base-emitter junction of Q, is forward biased, 
and the base-collector junction is reverse biased. There is current through R, and 
the base-emitter junction of Q, out to the LOW input. A LOW provides a path to 
ground for the current. There is no current into the base of Q,, so it is off. The 
collector of Q, is HIGH, thus turning Q, on. A saturated Q, provides a low 
impedance path from V cc to the output; we therefore have a HIGH on the output 
for a LOW on the input. At the same time, the emitter of Q, is at ground potential, 
keeping O, off. 

The purpose of diode D, in the TTL circuit is to prevent negative spikes of 
voltage on the input from damaging Q,. Diode D, insures that Q, will turn off 
when 0, is on (HIGH input). In this condition the collector voltage of О, is equal 
to the Уве of Q, plus the Ус; of Q;. Diode D, provides an additional Уве 
equivalent drop in series with the base-emitter junction of Q, to insure its turn-off 
when 0, is on. 

The operation of the TTL inverter for the two input states is illustrated in 
Figure A-2. In the upper circuit, the base of О, is 2.1 V above ground so that О, 
and О, are on. In the lower circuit, the base of О, is about 0.7 V above ground— 
not enough to turn О, and О, on. 


CMOS Inverter 


Another common integrated circuit technology uses the MOSFET as its basic 
element and is called complementary MOS logic. CMOS uses both p- and n-chan- 
nel enhancement MOSFETS, as shown in the inverter circuit in Figure A-3. 
When a HIGH is applied to the input, the p-channel MOSFET Q, is otf, and 
the n-channel MOSFET Q, is on. This connects the output to ground through the 
on resistance of Q;, resulting in a LOW output. When a LOW is applied to the 


Reverse 


HIGH 


(+5) LOW (=0 V) 


LOW 
(0 V) | HIGH (=4V) 
$ 
FIGURE A-2 TTL inverter operation. 
FIGURE A-3 CMOS inverter *Vpp 
circuit. 
7 
Input Output 
Q 
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input, O, is on and О, is off. This connects the output to + V, through the on 
resistance of Q,, resulting ina HIGH output. The operation is illustrated in Figure 


А-4. 


+Vpp *Vpp 


OFF ON 
HIGH + LOW LOW I— HIGH 
ON н 
OFF 


FIGURE A-4 CMOS inverter operation. 
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TTL NAND Gate 


A two-input TTL NAND gate is shown in Figure A-5. Basically, it is the same as 
the inverter circuit except for the additional input emitter of Q,. TTL technology 
utilizes multiple-emitter transistors for the input devices. These can be compared 
to the diode arrangement, as shown in Figure A-6. 

Perhaps you can understand the operation of this circuit better by visualizing 
Q, in Figure A-5 replaced by the diode arrangement. A LOW on either input A or 


+Исс 


FIGURE A-5 TTL NAND gate circuit. 
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D, D3 

Е! | c E, В Poe С 
Di 

E, E2 

FIGURE A-6 Diode equivalent of a TIL multiple-emitter transistor. 


input B forward-biases the respective diode and reverse-biases D, (Q, base- 
collector junction). This action keeps Q, off and results in a HIGH output in the 
same way as described for the TTL inverter. Of course, a LOW on both inputs 
will do the same thing. . 

A HIGH on both inputs reverse-biases both input diodes and forward-biases 
D, (Q, base-collector junction). This action turns Q, on and results in a LOW 
output in the same way as described for the TTL inverter. 

You should recognize this operation as that of the NAND function: The 


output is LOW if and only if all inputs are HIGH, 


CMOS NAND Gate 


Figure A-7 shows a CMOS NAND gate with two inputs. Notice the arrangement 
of the complementary pairs (n- and p-channel MOSFETs). 

The operation is as follows: When both inputs are LOW, Q, and Q, are on, 
and О, and О. are off. The output is pulled HIGH through the on resistance of 
О, and Q, in parallel. When input A is LOW and input B is HIGH, О, and Q, are 


*Vpp 


Qi Q 


Output 


[4 в [о 0 оз ох | 


Input A 


04 


C = cutoff 
S = saturation (on) 


Input B 


FIGURE A-7 CMOS NAND gate circuit. 
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on, and Q, and Q, are off. The output is pulled HIGH through the low on 
resistance of Q,. 
When input A is HIGH and input В is LOW, О, and О, are off, and О, and 
O, are on. The output is pulled HIGH through the low on resistance of Q,. 
` Finally, when both inputs are HIGH, О, and Q, are off, and О, and О, are 
on. In this case, the output is pulled LOW through the on resistance of Q, and О, 
in series to ground. 


INTEGRATED CIRCUIT NOR GATES 


TTL NOR Gate 


A two-input TTL NOR gate is shown in Figure A-8. Compare this to the NAND 
gate circuit and notice the additional transistors. 
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Ry 


Input A 


Output 


Input B 


FIGURE A-8 TTL NOR gate circuit. 


Both О, and О, are input transistors. О, and О, are in parallel and act as a 
phase splitter. Of course you should recognize О; and Q, as the ordinary TTL 
totem-pole output circuit. | 

The operation is as follows: When both inputs are LOW, the forward-biased | 
base-emitter junctions of the input transistors pull current away from the phase- | 
splitter transistors О, and Q,, keeping them off. As a result, О. is on and Q; is off, 
producing a HIGH output. 

When input А is LOW and input B is HIGH, О. is off and О, is on. О. turns 
оп О, and turns off О;, producing a LOW output. 

When input A is HIGH and input В is LOW, О, is on and О, is off. Оз turns 
on О, and turns off Оу, producing a LOW output. 
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When both inputs are HIGH, both Q, and Q, are on. This has the same 
effect as either one being on, turning О, on and О; off. The result is still a LOW 
output. You should recognize this operation as that of the NOR function. (The 
output is LOW when any of the inputs are HIGH.) 


CMOS NOR Gate 


Figure A-9 shows a CMOS NOR gate with two inputs. Notice the arrangement of 
the complementary pairs. 


*Vpp 


Input А 


Input 8 


Output 


С = cutoff 
S = saturation (on) 


FIGURE A-9 CMOS NOR gate circuit. 


The operation is as follows: When both inputs are LOW, Q, and Q, are on, 
and Q, and Q, are off. As a result, the output is pulled HIGH through the on 
resistance of O, and Q, in series. 

When mi A is LOW and input B is HIGH, Q, and Q, are on, and Q, and 
Q, are off. The output is pulled LOW through the low on resistance of Q, to 

round. / ; 
7 When input A is HIGH and input В is LOW, О, and О, are off, and Q, and 
Q, are on. The output is pulled LOW through the on resistance of Q, to ground. 
У When both inputs аге HIGH, О, and О, аге off, and Q, and Q, are on. The 
output is pulled LOW through the on resistance of Q, and Q; in parallel to ground. 


TTL AND GATES and OR GATES 


2 TTL two-input AND gate and a two-input OR gate. Com- 
M D and NOR gate circuits and notice the additional circuitry 
case, this transistor arrangement provides an inversion so 
ND and the NOR becomes OR. 


Figu 
pare these to the NAN 
that is shaded. In each 
the NAND becomes А 
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Output 


(a) AND gate circuit 


ES =" 
Input A ja A 
Output 
mpa EC » 


(b) OR gate circuit 
FIGURE А-10 TTL AND gate and OR gate circuits. 


A-5 OPEN-COLLECTOR GATES 


The TTL gates described in the previous sections all had the totem-pole output 
circuit. Another type of output available in TTL integrated circuits is the open- 
collector output. A TTL inverter with an open collector is shown in Figure } 
А-11(а). The other gates are also available with open collector outputs. When | 
input A is HIGH and input В is LOW, О, and О, are off, and Q, and Q, are on. | 
The output is pulled LOW through the on resistance of Q, to ground. { 
When both inputs are HIGH, Q, and Q, are off, and Q, and Q, are on. 
Notice that the output is the collector of transistor O, with nothing con- $ 
nected to it, hence the name ореп collector. In order to get the proper HIGH and j 
LOW logic levels out of the circuit, an external pull-up resistor must be connected 
to Усс from the collector of Q}, as shown in Figure A-11(b). When O, is off, the 
output is pulled up to Усс through the external resistor. When O, is on, the output 
is connected to near-ground through the saturated transistor. 


А-6 
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+Исс 


Input 0. 
2 
Qı Output 


Q3 


= 


(a) Open-collector inverter circuit 


+Исс 
a R (external) 
Input 
Qi 2 Output 
3 


(b) With external pull-up resistor 


FIGURE A-11 TTL inverter with open-collector output. 


MORE TTL CIRCUITS 


Figure A-12 shows the basic TTL gate circuit that was discussed earlier. It is a 
current-sinking type of logic that draws current from the load when in the LOW 
output state and sources negligible current to the load when in the HIGH output 
state. This is a standard 54/74 TTL two-input NAND gate and is used for 
comparison with the other types of TTL circuits. 


FIGURE А-12 A 54/74 series 
standard TTL NAND gate. 
1300 


| 
| 
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Low-Power TTL (54L/74L) 


The 54L/74L series of TTL circuits is designed for low power consumption. A 
typical gate circuit is shown in Figure A-13. Notice that the circuit's resistor 
values are considerably higher than those of the standard gate in Figure A-12. 
This, of course, results in less current and therefore less power but increases the 
switching time of the gate. The typical power dissipation of a standard 54/74 gate 
is 10 mW, and that of a 541/741, gate is | mW. The savings in power, however, is 
paid for in loss of speed. A typical standard 54/74 gate has a propagation delay 
time of 10 ns, compared to 33 ns for a 54L/74L. gate. 


FIGURE A-13 A 54L/74L series *Vcc 
TTL NAND gate. 

20 kn 500 Q 

12 kQ 
High-Speed TTL (54H/74H) 


The 54H/74H series of TTL circuits is designed to provide less propagation delay 
than the standard gates, but the cost is higher power consumption. Notice that the 
54H/74H circuit in Figure A-14 has lower resistor values than standard TTL. 


Typical propagation delay for a 54H/74H gate is 6 ns, but the power consumption 
is 22 mW. 


| ME 
erg 


FIGURE А-14 A 54H/74H series TTL NAND gte. 


*Vcc 
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Schottky TTL (54S/74S) 


The 545/745 series of TTL circuits provides a faster switching time than the 54H/ 
74H series but requires much less power. These circuits incorporate Schottky 
diodes to prevent the transistors from going into saturation, thereby decreasing 
the time for a transistor to turn on or off. 

Typical propagation delay for a 54S/74S gate is 3 ns, and the power dissipa- 
tion is 19 mW. Figure A-15 shows a Schottky gate circuit. 


tVcc 


FIGURE A-15 545/745 series TTL NAND gate. 


Low-Power Schottky TTL (54LS/74LS) 


i i i i dissipation. A 
TTL series compromises speed to obtain a lower power 
ru gate circuit is shown in Figure A-16. Notice that the input uses Schottky 


*Vcc 


FIGURE A-16 A 54LS/74LS series. TTL NAND gate. 
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diodes rather than the conventional transistor input. The typical power dissipation 
for a gate is 2 mW, and the propagation delay is 9.5 ns. 


Advanced Schottky and Advanced Low-Power Schottky (AS/ALS) 


These technologies are advanced versions of the S and LS series. The typical 
static power dissipation is 8.5 mW for the AS series and 1 mW for the ALS series. 
The typical propagation delay time is 4 ns for the ALS and 1.5 ns for the AS. 


ECL CIRCUITS 


ECL stands for emitter-coupled logic which, like TTL, is a bipolar technology. 
The typical ECL circuit, shown in Figure A-17(a), consists of a differential 
amplifier input circuit, a bias circuit, and emitter-follower outputs. 


Differential Bias Complementary 
Multiple inputs amplifier circuit outputs 
Ve tend 
9 OR output 
© NOR output 
4 A+B+C+D 
B 
C 
D A+B+C+D 
th) 
-0.9 V 
Lm Е 
ARIES pu. . 52у) = 
A B С р а) 
را د‎ =1:75У 
Inputs -14V -12V 
(с) Input voltage 


FIGURE A-17 An ECL ОК/МОК gate circuit. 


The emitter-follower outputs provide the OR logic function and its NOR 
complement, as indicated by Figure A-17(b). 

Because of the low output impedance of the emitter-follower and the high 
input impedance of the differential amplifier input, high fan-out operation is 
possible. In this type of circuit, saturation is not possible. This results in higher 
power consumption and limited voltage swing (less than 1 V). The lack of satura- 
tion in the ECL circuits permits high-frequency switching. 


pt € ES 


А-7 ECL CIRCUITS 621 


The Усс pin is normally connected to ground, and — 5.2 V from the power 
supply is connected to V, for best operation. Notice that т Figure A-17(c) the 
output varies from a LOW level of —1.75 V to a HIGH level of —0.9 У with 
respect to ground. In positive logic, а 1 is the HIGH level (less negative), and a 0 is 
the LOW level (more negative). 


ECL Circuit Operation 


Beginning with LOWs on all inputs (typically — 1.75 V), assume that Q, through 
Q, are off because the base-emitter junctions are reverse biased, and that tran- 
sistor О; is conducting (but not saturated). The bias circuit holds the base of 0; 
at — 1.29 V, and therefore its emitter is approximately 0.8 V below the base at 


(b) 


FIGURE A-18 Basic ECL gate operation. 
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—2.09 V. The voltage differential from base to emitter of the input transistors О, 
through О, is —2.09 У — (—1.75 V) = —0.34 V. This is less than the forward- 
bias voltage of these transistors, and they are therefore off. This condition is 
shown in Figure A-18(a) (p. 621). 

When any one or all of the inputs are raised to the HIGH level (—0.9 V), that 
transistor (or transistors) will conduct. When this happens, the voltage at the 
emitters of O, through О; increases from —2.09 V to —1.7 У (one base-emitter 
drops below the — 0.9 V base). Since the base of О; is held at a constant — 1.29 V 
by the bias circuit, О; turns off. The resulting collector voltages are coupled 
through the emitter-followers to the output terminals. Because of the differential 
action of О, through Q, with Oç, О, is off when one or more of the O, through Q, 
transistors conduct, thus providing simultaneous complementary outputs. This is 
shown in Figure A-18(b). 

When all of the inputs are returned to the LOW state, Q, through Q, are 
again cut off and О; conducts. 


Noise Margin 


As you know, the noise margin of a gate is ti. measure of its immunity to 
undesired voltage fluctuations (noise). Typical ECL circuits have noise margins 
from about 0.2 V to 0.25 V. This is less than that for TTL and makes ECL 
unreliable in high-noise environments. 


Comparison of ECL with Schottky TTL 


Table A-1 shows'a comparison of typical values of key parameters for Schottky 
TTL and ECL. 


TABLE A-1 
Power 
Propagation Dissipation Voltage dc Supply Flip-Flop 
Delay Time per Gate Swing Voltage Clock Freq. 
SAS"4S —— 03ms — 19 mW 30 V 45V © 025 MHz 
GECE (dus. 60 mW 0.85 V -$2 V 500 MHz 
Lo C (lo 


PL CIRCUITS 


Integrated injection logic (IL) is a bipolar technology that allows extremely high 
component densities оп a chip (up to ten times that of TTL). 121. is being used for 
complex LSI functions such as microprocessors and is simpler to fabricate than 


Closed switch 
simulates a LOW 
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either TTL or MOS. It also has a low power requirement and reasonably good 
Switching speeds that are improving all the time. 

; The basic I?L gate is extremely simple, as indicated in Figure A-19. Tran- 
sistor Q, acts as а current source and active pull-up, and the multiple-collector 
transistor О, operates as an inverter. 


Vs 


€ 
С 


Q: 
ii ;Multiple-collector transistor 


FIGURE A-19 PL gate. 


Because the base of Q, and the emitter of Q, are common and the collector 
of Q, and the base of Q, are common, the entire IL gate (constructed on a silicon 
chip) takes only the space of a single TTL multiple-emitter transistor. 

Transistor O, is called a current-injector transistor because when its emitter 
is connected to an external power source, it can supply current into the base of 
Q. Switching action of Q, is accomplished by steering the injector current as 
follows: A LOW on the base of Q, will pull the injector current away from the 
base of О, and through the low impedance path(s) provided by the driving gate(s), 
thus turning Q, OFF. When the output transistor of the driving gate is OFF 
(open), it corresponds to a HIGH input; this causes the injector current to be 
steered into the base of Q,, which turns it ON. This acuon is illustrated in Figure 
A-20. Figure A-21 shows an example of an IL implementation of a logic func- 


tion. 


Vs 
Qi 


Q 


Open switch 
simulates a HIGH. = 


FIGURE A-20 Basic PL operation. 
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Vs 


“I 
1 


= 


FIGURE А-21 An PL latch. 


A-9 CMOS CIRCUITS 


CMOS stands for complementary metal-oxide semiconductor. In Chapter 3, 
CMOS gates were introduced and compared to the TTL circuits. CMOS is a 
popular type of MOS logic and is available in some LSI and MSI functions as well 
as SSI. Many of these devices are pin-compatible with equivalent TTL devices. In 
this section we will look further at MOS technology. 

Figure A-22 shows a CMOS two-input NOR gate and a two-input NAND 
gate. As you recall, CMOS consists of both n-channel and p-channel MOS 
transistors arranged in a complementary connection. 


Vpp 


Inputs 


Output 
Output 


A 
| 
Inputs 


(a) NOR (b) NAND 
FIGURE A-22 CMOS two-input gates. 
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CMOS speed is comparable to that of the 54L/74L series of TTL and is 
several times slower than Schottky TTL speed. CMOS has very good noise 
immunity, much better than that of TTL, and its quiescent power dissipation is 
nearly zero. 


Power Dissipation 


With no input signals, the p-channel and the n-channel transistors are not conduct- 
ing simultaneously; thus there is leakage current only from the positive (Ирр) to 
the negative (Уу) power supply connection. Typically, this leakage current is 
0.5 nA per gate, producing a power of 2.5 nW for a 5-V supply. 

When signals are applied to the inputs, additional power is consumed to 
charge and discharge on-chip parasitic capacitances as well as load capacitance. 
Also, there is a short time during transitions when both the n- and p-type tran- 
sistors are partially conducting. Dynamic power consumption occurs when these 
conditions exist and is proportional to the frequency at which the circuit is 
switching, the load capacitance, and the square of the supply voltage. 

It has been found that the power consumption of a CMOS gate exceeds that 
of a Schottky low-power gate somewhere between 500 kHz and 2 MHz. 


Supply Voltage 

Unlike TTL, which is intolerant of large ranges in dc supply voltage, CMOS can 
be operated over a supply voltage range of 3 V to 15 V. Low power consumption 
and wide supply voltage range make CMOS ideal for battery-operated equipment. 


Propagation Delay 

CMOS devices are slow compared to TTL and very sensitive to capacitive 
loading. TTL with an output impedance of about 100 Qis not affected much by an 
increase in capacitive loading. CMOS, however, has an output impedance of 
about 1 КО and is ten times more sensitive to capacitive loading. Also, propaga- 
tion delay increases with an increase in supply voltage. 


Noise Immunity 
ise i i i i f the supply voltage. 
he noise immunity of a CMOS gate is approximately 45% o! 
эз example, the noise margin is 2.25 V for a 5-V supply, 45 ts for a 10-V supply, 
and so forth. In comparison, TTL exhibits a noise immunity that is typically 1 V 
ich can be as low as 0.4 V. edi. 
" yj cius Ия inherent capacitance of CMOS circuits. produces delays and аза 
result acts as a noise filter. Ten-nanosecond voltage spikes tend to disappear in a 
hain of CMOS gates but are amplified by the faster-switching TTL gates. 
as OS is widely used in industrial equipment 


{ these features, CM ) ۱ 
Sy at great deal of electrically and electromagnetically produced noise. 
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PMOS AND NMOS 


MOS circuits are used largely in LSI (large-scale integration) functions such as 
long shift registers, large memories, and microprocessor products. Such usage is a 
result of the low power consumption and very small chip area required for MOS 
transistors. Of all the MOS technologies, CMOS is the only one that provides SSI 
functions at the gate and flip-flop level in a variety comparable to that of TTL. 


PMOS 


PMOS was one of the first high-density MOS circuit technologies to be produced. 
It utilizes enhancement-mode p-channel MOS transistors to form the basic gate 
building blocks. Figure A-23 shows a basic PMOS gate that produces the NOR 
function in positive logic. 


Vcc ог ground 


Output 


FIGURE A-23 Basic PMOS gate. 


The operation of the PMOS gate is as follows: The supply voltage Vog is à 
negative voltage, and Vac is a positive voltage or ground (0 V). Transistor O, is 
permanently biased to create a constant drain-to-source resistance. Its sole pur- 
pose is to function as a current-limiting resistor. If a HIGH ( Усс) is applied to 
input A or B, then Q, or О, is off and the output is pulled down to a voltage near 
Усс, Which represents a LOW. When a LOW voltage (V...) is applied to both 
input A and input B, both transistors Q, and О, are turned on. This causes the 
output to go to a HIGH level (near Усс). Since a LOW output occurs when either 
or both inputs are HIGH, and a HIGH output occurs only when all inputs are 
LOW, we have a NOR gate. 


PROBLEMS 


Vogg or ground 
(a) NAND (b) NOR 


FIGURE A-24 NMOS gates. 


In Figure A-24(a), Q, acts as a resistor to limit current. When а LOW (Усс 
or ground) is applied to one or both inputs, then at least one of the transistors (Q, 
or Q;) is off, and the output is pulled up to a HIGH level near Усс. When HIGHs 
(Усс) are applied to both inputs A and B, both 0, and Q, conduct and the output 
is LOW. This action, of course, identifies this circuit as a NAND gate. 

In Figure A-24(b), О, again acts as a resistor. A HIGH on either input turns 
О, ог О; on, pulling the output LOW. When both inputs are LOW, both tran- 


sistors are off and the output is pulled up to a HIGH level. 


Describe one major difference between a bipolar integrated circuit and an MOS 


integrated circuit. 
A-2 Explain why an open TTL input acts as a HIGH. 


A-3 List five series of TTL circuits. 
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A-4 


A-5 


A-6 


A-7 


A-8 
A-9 


A-10 
А-П 
А-12 


The fan-out of a standard TTL gate is 10 unit loads; this, of course, means that it can 
drive 10 other standard TTL gates. How many 54LS/74LS gates can the standard 
gate drive? 

If two unused inputs of a TTL gate are connected to an input being driven by 
another TTL gate, how many other inputs can be driven by this gate? Assume that 
the fan-out is 10 unit loads. 

How much cufrent does a 54/74 gate sink if it is driving seven 54/74 loads? 

What is the chief advantage of ECL over other IC technologies? What is a second 
advantage? 

In what type of application should ECL not be used? Why? 

If the frequency of operation of a CMOS device is increased, what happens to the 
dynamic power consumption? 

Does CMOS or TTL perform better in a high-noise environment? Why? 

Why are MOS devices shipped in conductive foam? 

What type of MOS technology is predominant in LSI devices such as memories and 
microprocessors? 


HIGH-SPEED TYPES SN54HC00, $№74НС00 
CMOS LOGIC QUADRUPLE 2-INPUT POSITIVE-NAND GATES 


02684. DECEMBER 1982 - REVISED MARCH 1984 


pea d 


€ Package Options Include Both Plastic and SN54HCOO . . . J PACKAGE 
Ceramic Chip Carriers in Addition to Plastic SN74HCOO E end. PACKAGE 
and Ceramic DIPs ( ! 
€ Dependable Texas Instruments Quality 
and Reliability 
description 


These devices contain four independent 2-input NAND 
gates. They perform the Boolean functions Y = А-В 
or Y sA «B in positive logic. 


The SN54HCOO is characterized for operation over the SN54HCOO ... FH OR FK PACKAGE 
full military temperature range of - 55°C to 125°C. SN74HCOO . . . FH OR FN PACKAGE 
The SN74HCOO is characterized for operation from (TOP VIEW) 

-40*C to 85°С. 


FUNCTION TABLE (each gate) 


Lame | 9" | 

Ө ЭСТ | Y 
н н | 
L x | 
х ç L| 


NC — No internal connection 


Pin numbers shown are for J and N packages. 


maximum ratings, recommended operating conditions, and electrical characteristics 
See Table |, page 2-4. 


(Courtesy of Texas Instruments Inc.) 


| TYPES SN54HC00, SN74HCOO 
QUADRUPLE 2-INPUT POSITIVE-NAND GATES 


switching characteristics over recommended operating free-air temperature range (unless otherwise 
noted), E = 50 EN (see Note acres 


CULIMEMCTIONN NOI uirum 


Eu м? max | мах 


NOTE 1: For load circuit and voltage waveforms, see раде 1-14. 


(Courtesy of Texas Instruments Inc.) 


631 


TYPES SN54ALSOUA, SN54AS00, SN74ALSO0A, SN74AS00 
QUADRUPLE 2-INPUT POSITIVE-NAND GATES 


02661, APRIL 1982—REVISED DECEMBER 1983 


© Package Options Include Both Plastic and 
Ceramic Chip Carriers in Addition to Plastic 
and Ceramic DIPs 


© Dependable Texas Instruments Quality 
and Reliability 


description 


These devices contain tour independent 2-input 
NAND gates. They perform the Boolean functions 
Y = A'B or Y = A+B in positive logic. 


The SN54ALSOOA and SN54ASOO are character- 
ized for operation over the full military temperature 
range of – 55 °С to 125°C. The SN74ALSOOA and 
$№74А$00 are characterized for operation from О °С 


to 70°С. 
FUNCTION TABLE (each gate) 
E enl SN54ALSOOA, SN54ASO0 . . . FH PACKAGE 
н н $N74ALSOOA, SN74AS00 . . . FN PACKAGE 
L x (TOP VIEW) 
x L 
logic symbol 


5558855555 


NC — No internal connection 


Pin numbers shown are for J and N packages. 


(Courtesy of Texas Instruments Inc.) 
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TYPES $№54А1$00А, SN74ALSOUA 
QUADRUPLE 2-INPUT POSITIVE-NAND GATES 


absolute maximum ratings over operating free-eir temperature range (unless otherwise noted) 


Supply voltage, МСС... e e о ане 
Input voltage .. so eee n t tt 
Operating free-air temperature range: SN54ALSOOA . 

SN74ALSOOA 


Storage temperature range... i tentent 


recommended operating conditions 


Mae NDA ae 
5.5 4.5 5 


ват 
i — Hitviev input valage rper pro gem qn 
VIL Low-level input voltage 0.8 Inte чо 
loH High-level output current. -0.4 ЕЕ" 
loL Low-level output current [apd bas Juan reel 
Wr OPERE 


TA Operating free-air temperature 


temperature range (unless otherwise noted) 


electrical characteristics over recommended operating free-air 


Усс = 4.5 У, lı = -18 тА 
Усс = 45V105.5V, он = 30.4 mA 


ximates опе half of the true short-circuit output current, los. 


ere at Voc = BV, ТА = 25°С. 
атн rein рем) chosen to produce в current that closely appro: 


switching characteristics (see Note 1) 
Усс = 4,5 V to 6.6 V. 


Cy = 50 pF, 
RL = 5002, 


waveforms, see page 1-12. 


NOTE 1: For load circuit and voltage 


(Courtesy of Texus Instruments Inc.) 
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TYPES SN54ALS74A, SN54AS74, SN74ALS74A, SN74AS74 
DUAL D-TYPE POSITIVE-EDGE-TRIGGERED 


FLIP-FLOPS WITH CLEAR AND PRESET 


02661, APRIL 1982—REVISED FEBRUARY 1984 


9 Package Options Include Both Plastic and Ceramic 
Chip Carriers in Addition to Plastic and Ceramic DIPs 


9 Dependable Texas Instruments Quality and Reliability 


TYPICAL MAXIMUM TYPICAL POWER 
TYPE CLOCK FREQUENCY DISSIPATION 
(C, = 50 pF) PER FLIP-FLOP 
'ALS74A 50 MHz 6 mw 
'AS74 134 MHz 26 mw 
description 


These devices contain two independent D-type positive-edge- 
triggered flip-flops. A low level at the Preset or Clear inputs sets 
or resets the outputs regardless of the levels of the other inputs. 
When Preset and Clear are inactive (high), data at the D input 
meeting the setup time requirements are transferred to the outputs 
on the positive-going edge of the clock pulse. Clock triggering 
occurs at a voltage level and is not directly related to the rise time 
of the clock pulse. Following the hold time interval, data at the 
D input may be changed without affecting the levels at the 
outputs. 


The SN54ALS74A and SN54AS74 are characterized for operation 
over the full military temperature range of — 55?C to 125?C. The 
SN74ALS74A and SN74AS74 are characterized for operation 
from 0°С to 70°C. 


* The output levels in this configuration are not guaranteed to meet the 
minimum levels for Мон if the lows at Preset and Clear are near Vit 
maximum. Furthermore, this configuration is nonstable; that is, it will 
not persist when either Preset or Clear returns to its inactive (high) level. 


SN54AL$74A, SN54AS74 . . . J PACKAGE 
SN74ALS74A, SN74A$74 . . . N PACKAGE 


(TOP VIEW) 


SN54ALS74A, SN54A874 . . . FH PACKAGE 
SN74ALS74A, SN74AS74 . . . FN PACKAGE 
(TOP VIEW) 


1CLK [] 4 
NC[] 5 
1PRE 
мс]? 
тав 


10 111213 
== == [== 
о 

299 


9 
a 
сә 
о 


NC —No internal connection 


logic symbol 


Pin numbers shown are for J and N packages. 


absolute maximum ratings over operating free-air temperature range (unless otherwise noted) 


Supply voltage, Усс... 
Input уоКаде.......... 


(Courtesy of Texas Instruments Inc.) 


Operating free-air temperature range: SN54ALS74A, SN54AS74 
SN74ALS74A, SN74AS74 .. 
Storage temperature ТЖЕ. ом rr eae 


УЗ LS BU I E E CR 7V 
- 55°C to 125°C 
LY TET FES 0°C to 70°C 
SE E e che — 65°C to 150°C 


TYPES SN54AS74, SN74AS74 
DUAL D-TYPE POSITIVE-EDGE-TRIGGERED 
FLIP-FLOPS WITH CLEAR AND PRESET 


recommended operating conditions 


an a ao ас 


> 
o 


M Supply voltage 

VIH High-level input voltage 

VI Low-level input voltage 

юн High-level output current 
Low-level output current 


| 


L* 1225 


Pulse duration 

Lo Setup time ти с 3]: ——3] "| 
SU before СІК? PRE or CLR inactive БЫ DM 

t Hold time, data after CLK f il тЫ м | 

ТА__ Operating free-air temperature ШЇ DER dbz ES OTT SG | 


PARAMETER TEST CONDITIONS 

LK SOT vec = OUT a OBR ee СЭ) ERIS В (ГД 
VoH Усс = 4.5 Vto 5.5 V, lon = -2 тА EF TEE la има ТУ 
H 


Усс = 5.5 V, 
Усс = 5.5 V, 
Усс = 5.5 V 


Mer lebe de М $ produ М Я current that closely approximates one half of the true short-current output current, los. 
grounded. 


*The output conditions 
NOTE 1: Icc is measured with D, CLK, and PRE grounded, then with D, CLK, and CLR. 


switching characteristics (see Note 2) 


-12 of the TTL Data Book, 
NOTE 2: For load circuit and voltage wavforms, see page 1 12 


(Courtesy of Texas Instruments, Inc.) 


TYPES SN54ALS151, SN54AS151, SN74ALS151, SN74AS151 
1 OF 8 DATA SELECTORS/MULTIPLEXERS 


02661, APRIL 1982—REVISED FEBRUARY 1984 
LL cd 


€ 8.Line to 1-Line Multiplexers SN54ALS151, SN54AS151 . . . J PACKAGE 
Can Perform As: SN74ALS151, SN74AS151 . . . N PACKAGE 
Boolean Function Generators (TOP VIEW) 


Parallel-to-Serial Converters 
Data Source Selectors 


€ input Clamping Diodes Simplify System Design 
€ Fully Compatible With Most TTL Circuits 


€ Package Options Include Both Plastic and Ceramic 
Chip Carriers in Addition to Plastic and Ceramic DIPs 


€ Deoendable Texas Instruments Quality and Reliability 


description 

SN54ALS151, $№54А$151... FH PACKAGE 

SN74ALS151, SN74A8151 . . . FN PACKAGE 
(TOP VIEW) 


These monolithic data selectors/multiplexers provide full binary 
decoding to select one of eight data sources. The strobe input (6) 
must Бе at a low logic level to enable the inputs. A high level at 
the strobe termina’ forces the W output high and the Y output 
low. 


The SN54ALS151 and SN54AS151 are characterized for 
operation over-the full military temperature range of — 55°C to 
125°C. Тһе SN74ALS151 and SN74AS151 are characterized 
for operation from О °С to 70°C. 


FUNCTION TABLE NC — No internal connection 


logic symbol 


mg ae ec 
matr uw or ж 


x 
L 
L 
t 
L 
H 
H 
H 
H 


I 
I 


H = high level, L = low level, X = irrelevant 
DO, 01...07 = the level of the D respective input 


Pin numbers shown are for J and N packages. 


(Courtesy of Texas Instruments Inc.) 


TYPES SN54ALS151, SN54AS151 SN 
1 OF 8 DATA SELECTORS/MULT!P: FERS O 


logic diagram (positive logic} 


(4) 


02 


= 
DATA 
INPUTS og 
FEN 
ЕЕ 
06 сата cem чат crm 
ЕЕ] 
D7 "Ems seme 17777 тзг 
| Soon 
| 
А 
DAT 
ATA " 
(BINARY) 


| 
| 
SELECT 


Pin numbers shown are for J and N packages. 


| absolute maximum ratings over operating free-air temperature range (unless ot 


Input voltage 
Operating free-air temperature range: 


Storage temperature range 


(Courtesy of Texas Instruments Inc.) 


herwise noted) 


"E м 
Ж ТИЛИН ГУНЕ M. 
= 55 °С to 125°C 


2 0°C to 70°C 


~ 65°C to 160°C 
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TYPES SN54ALS151, SN74ALS151 
1 OF 8 DATA SELECTORS/MULTIPLEXERS 


recommended operating conditions 


ae. eee m 

| MN NOM MAX | 
۷ Supply voltage 4.5 5 55] 45 5 55 
Мн__ High-level input voltage LS I Eh cw | v | 
V Low-level input voltage mnc С ас te v. | 
мон High-level output current BEES a 
loù Low-level output current E [каз с с нҮ ү ш... T [ mA | 
TA. Operating free-air temperature ss] о oje] 


Vcc = 5.5 V, Vi = 0.4 У 
= 55V, Vo = 2.25 V 
loc .5 V, Inputs at 4.5 V 


ТАП typical values are at Усс = 5 V, Ta = 25°C. 
The output conditions have been chosen to produce a current that closely approximates one half of the true short-circuit output current. 105. 


Switching characteristics (see Note 1) 


Усс = 4.5 V to 5.5 V, 

CL = 50 pF, 

RL = 500 0, 

TA = MIN to MAX 

SNS4ALS151 | — SN74ALS15! | 
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NOTE 1: For load circuit and voltage waveforms, see page 1-12. 
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SN54ALS138, SN54AS138, SN74ALS138, SN74AS138 
3-LINE TO 8-LINE DECODERS/DEMULTIPLEXERS 


02661, APRIL 1982 REVISED APRIL 1985 


€ Designed Specifically for High-Speed SN54ALS138, SN54AS138 . . . J PACKAGE 
Memory Decoders and Data Transmission SN74ALS138, SN74A8138 . . , N PACKAGE 
Systems (TOP VIEW) 


Ф Incorporates 3 Enable Inputs to Simplify 
Cascading and/or Data Reception 


€ Package Options Include Both Plastic and 
Ceramic Chip Carriers in Addition to Plastic 
and Ceramic DIPs 


€ Dependable Texas Instruments Quality and 


Reliability 
description SN54ALS138, SN54AS138 . . ЕК PACKAGE 
The ‘ALS138 and ‘AS138 circuits are designed STEALS 126; reina РР РНРАСКАВЕ 
) 


to be used in high-performance memory- 
decoding or data-routing applications requiring 
very short propagation delay times. In high- 
performance memory systems this decoder can 
be used to minimize the effects of system 
decoding. When employed with high-speed 
memories utilizing a fast enable circuit, the delay 
times of this decoder and the enable time of the 
memory are usually less than the typical access 
time of the memory. This means that the 
effective system delay introduced by the 
Schottky-clamped system decoder is negligible. 


The conditions at the binary select inputs and the } 
three enable inputs select one of eight input NC—No internal connection 
ines. Two active-low and one active-high enable 
inputs reduce the need for external.gates or 
inverters when expanding. A 24-line decoder can 
be. implemented without external inverters and 
a 32-line decoder requires only one inverter. An 
enable input can be used as a data input for 


demultiplexing applications. 

The SN54ALS138 and SN54AS138 are 
characterized for operation over the full military 
temperature range of -55°C to 125°C. The 
SN74ALS138 and SN74AS138 are 
characterized for operation from 0°C to 70°C. 


(Courtesy of Texas Instruments Inc.) 
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SN54ALS138, SN54AS138, SN74ALS138, SN74AS138 
3-LINE TO 8-LINE DECODERS/DEMULTIPLEXERS 


logic symbols (alternatives) 


ENABLE 
INPUTS 
a1 


Pin numbers shown are for J and N packages. 
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SN54ALS138, SN54AS138, SN74ALS138, SN/4AS138 
3-LINE TO 8-LINE DECODERSIDEMULTIPLEXERS 


FUNCTION TABLE 


YO Y! v2 ҮЗ Y4 YS v6 Y7 


ЗЕ. + 25 Sh fo Е. tS Ж. 
Omer ee т хох 
еее 
REFEREES ES 
SEI ЕЕ a % 
Ел Ин. X 
Пете ва ox 
на. E Si agile ee ج‎ 
Bee X Ех ee XI 


т 


absolute maximum ratings over operating free-air temperature range (ип!езз otherwise noted) 


Supply voltage, УСС.. abate esse А КК КАНКЕЛДИ pete trees rere eee eng anes 7N 
Input voltage с... СООТ Е ЕЯ т ey Уу 
Operating free-air temperature range; SN54ALS138, SN54AS138............ -55°C to 125°C 

SN74ALS138, 5М7445138................ 0°C to 70°C 
Storage temperature гапде/............ Е И та 2 ЗУ аа -65°C to 150°C 


recommended operating conditions 


Low-level input voltage 
High-level output current 


е. less otherwise 
electrical characteristics over recommended operating free-air temperature range (ип 


лош SN54ALS138 
ENLI [ыш 


PARAMETER 

ШЕТЕЛ ДОШ 

Усс 46 Уто 88V. ЮН 20: TEES 
bis ‚усе REVDE 00000 0 т 


МЕ 27 Тиин 


mr ruego v. e. | 
Ган оова моду 


Hae appro: short-circuit output current, 108 
ТАН typical values are at Vcc = 5 V. ТА 25°С ximates опе half of the true 


current that closely 
The output conditions have been chosen to produce а 


(Courtesy of Texas Instruments Inc.) 
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TYPES SN54ALS190, SN54ALS191, SN74ALS190, SN74ALS191 
SYNCHRONOUS 4-BIT UP/DOWN DECADE AND BINARY COUNTERS 


02661, DECEMBER 1982—REVISED DECEMBER 1983 


SN54ALS190, SN54ALS191 . . . J PACKAGE 
Single Down/Up Count Control Line SN74ALS190, SN74ALS191 . . . N PACKAGE 


Look-Ahead Circuitry Enhances Speed of Cascaded 
Counters 


Fully Synchronous in Count Modes 
Asynchronously Presettable with Load Control 


Package Options Include Both Plastic and Ceramic 
Chip Carriers in Addition to Plastic and Ceramic DIPS 


Dependable Texas Instruments Quality and Reliability 


SN54AL$190, SN54ALS191 , . . FH PACKAGE 


descriptions SN74ALS190, SN74ALS191 . . . FN PACKAGE 


642 


The 'ALS190 and ‘ALS191 are synchronous, reversible (TOP VIEW) 
up/down counters. The 'ALS190 is a 4-bit decade counter and 
the 'ALS191 is a 4-bit binary counter. Synchronous counting 
operation is provided by having all flip-flops clocked 
simultaneously so that the outputs change coincident with each 
other when so instructed by the steering logic. This mode of 
operation eliminates the output counting spikes normally 
associated with asynchronous (ripple clock) counters. 


The outputs of the four flip-flops are triggered on a low-to-high- 
level transition of the clock input if the enable input (CTEN) is 
low. A high at CTEN inhibits counting. The direction of the count 
is determined by the level of the down/up (D/U) input. When D/U 
is low, the counter counts up and when D/U is high, it counts 
down. NC — no internal connection. 


These counters feature a fully independent clock circuit. Changes at the control inputs (CTEN and D/U) that will modify 


the operating mode have no effect on the contents of the counter until clocking occurs. The function of the counter will 
be dictated solely by the condition meeting the stable setup and hold times. 


These counters are fully programmable; that is, the outputs may each be preset to either level by placing a low on the 
load input and entering the desired data at the data inputs. The output will change to agree with the data inputs 
independently of the level of the clock input. This feature allows the counters to be used as modulo-N dividers by 
simply modifying the count length with the preset inputs. 


The CLK, D/U, and LOAD inputs are buffered to lower the drive requirement, which significantly reduces the loading 
оп, or current required by, clock driyers, etc., for long parallel words. 


Two outputs have been made available to perform the cascading function: ripple clock and maximum/minimum count. 
The latter output produces a high-level output pulse with a duration approximately equal to one complete cycle of the 
clock while the count is zero (all outputs low) counting down or maximum (9 or 15) counting up. The ripple clock 
output produces a low-level output pulse under those same conditions but only while the clock input is low. The 
counters can be easily cascaded by feeding the ripple clock output to the enable input of the succeeding counter if 
parallel clocking is used, or to the clock input if parallel enabling is used. The maximum/minimum count output can be 
used to accomplish look-ahead for high-speed operation. 


The SN54ALS190 and SN54ALS191 are characterized for operation over the full military temperature range of 
—55?C to 125°C. The SN74ALS190 and SN74ALS191 are characterized for operation from О °C to 70°C. 


(Courtesy of Texas Instruments Inc.) 


TYPES SN54ALS191, SN74ALS191 
SYNCHRONOUS 4-BIT UP/DOWN BINARY COUNTERS 


h———ÓÓÓ————— ÓÓÉÓEEÉ]É]&íiio.————————————— —— 
'ALS191 logic symbol 


П 54.» — 
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Pin numbers shown are for J and N packages. 
(Courtesy of Texas Instruments Inc.) 


TYPES SN54ALS190, SN74ALS190 
SYNCHRONOUS 4-BIT UP/DOWN BINARY COUNTERS 


ынана 
typical load, count, and inhibit sequences 


'ALS190 


Mustrated below is the following sequence: 
1. Load (preset) to BCD seven. 
2. Count up to eight, nine (maximum), zero, one, and two. 
3. Inhibit. 
4. Count down to one, zero (minimum), nine, eight, and seven. 


DATA 
INPUTS 
uL 
| 
ИРЕ Я 


1 
L3 ; 8 9 0 ҮЧҮ; ы 1 0 9 8 7 
| | p COUNT us — —]— imer —of Rs COUNT DOWN na. | 
e С 
LOAD 
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TYPES SN54ALS191, SN74ALS191 
SYNCHRONOUS 4-BIT UPIDOWN BINARY COUNTERS 


————————————— LL и 


typical load, count, and inhibit sequences 
'ALS191 


Illustrated below is the following sequence: 
1. Load (preset) to binary thirteen. 
2. Count up to fourteen, fifteen (maximum), zero, one, and two. 
3. Inhibit. 
4. Count down to one, zero (minimum), fifteen, fourteen, and thirteen. 


1 1 

U la sni 

А йй! bou ВЕ 
| р 

1 | — 

я LEE 
DATA 1 
INPUTS l 
р 
i 


“Б ШЕ 
кек ЕЕЕ 
Obie cua 
Lavi bol 
BISEET TEIG 
ТТТ 
БЕКЕ ЕЕ 
LL dd dd 
ТТТ 
БЕРЕБИ 


LOAD 
rtesy of Texas Instruments Inc.) 
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TYPES SN54ALS190, SN54ALS191, SN74ALS190, SN74ALS191 
SYNCHRONOUS 4-BIT UP/DOWN DECADE AND BINARY COUNTERS 


absolute maximum ratings over operating free-air temperature range (unless otherwise noted) 


Supply voltage, VOG ca ев ETE e hh RR 7“ 
Input voltage . 7V 
Operating free-air temperature range: SN54ALS190, SN54ALS191 .................. -65°C to 125°C 

TNS TETEE O*C to 70°C 
Storage temperet ТОО LEURS was ОИС оО - 65 °C to 160°C 


recommended operating conditions 


as 5 55 
Ген gr TEESE N ОН ОИ 
[Wi towsevet input vote |. 8| 
[он Hiahievel output ООО ПОС 
[ор Lowrtevel ouput атт] 
ee 
Dus c T$ = 
[uso — | 25 — | 
NEUE TIE m 
[рискке — — — | 

om ЕЕЕ 
[CORD inactive bele cT | | 

з == [ тш ja 
Е НО ——— 

Ta Operating free-air temperature ST] 


М = 0.4 У 


Vo = 2.25 V 
All inputs at O V 


ТАН typical values are at Voc = 5 V. Ta = 25°С. 
*The output conditions have been chosen to produce a current thet closely approximates one half of the true short-circuit output 
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TYPES SN54ALS190, SN54ALS191, SN74ALS190, SN74ALS191 
SYNCHRONOUS 4-BIT UP/DOWN DECADE AND BINARY COUNTERS 


switching characteristics (see Note 1) 


Усс = 4.5 У to 5.6 V, 
CL = 50 pF, 
т: 500 9, 

= MIN to MAX 


юлт еа 190 
aa та 91 


PARAMETER e 


20 
ا س‎ 
күзе [= тшш COS EB 
та: Ta NASMA واا ا‎ = “| 
TPHL 
37 
ص چ‎ ЕЕ. = 


NOTE 1: For load circuit and voltage waveforms, see page 1-12. 


(Courtesy of Texas Instruments Inc.) 
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MOS TMS4016 
LSI 2048-WORD BY 8-BIT STATIC RAM 


FEBRUARY 1981 REVISED AUGUST 1983 


E EE SR STR 


€ 2K X 8 Organization, Common I/O TMS4016 . . . NL PACKAGE 
(TOP VIEW) 


€ Single +5-V Supply 


€ Fully Static Operation (No Clocks, No 
Refresh) 


@ JEDEC Standard Pinout 


€ 24-Pin 600 Mil (15.2 mm) Package 
Configuration 


€ Plug-in Compatible with 16K 5 V EPROMs 


€ 8-Bit Output for Use in Microprocessor- 
Based Systems 


€ 3-State Outputs with 5 for OR-ties 

€ G Eliminates Need for External Bus Buffers 
Ф All Inputs and Outputs Fully TTL Compatible 
© Fanout to Series 74, Series 74S or Series 


74LS TTL Loads 
АО - A10 Addresses 
€ N-Channel Silicon-Gate Technology pai - оов Data In/Data Out 
€ Power Dissipation Under 385 mW Мах er 
© Guaranteed dc Noise Immunity of 400 mV * 5-V Supply 
with Standard T TL Loads Ground 


Write Enable 


€ 4 Performance Ranges: 
ACCESS TIME (MAX) 


TMS4016-12 120 ns 

TMS4016-15 150 ns 

TMS4016-20 200 ns 

TMS4016-25 250 ns 
description 


The TMS4016 static random-access memory is organized as 2048 words of 8 bits each. Fabricated using proven 
N-channel, silicon-gate MOS technology, the TMS4016 operates at high speeds and draws less power per bit than 
4K static RAMs. It is fully compatible with Series 74, 74S, or 74LS TTL. Its static design means that no refresh clock- 
ing circuitry is needed and timing requirements are simplified. Access time is equal to cycle time. A chip select control 
is provided for controlling the flow of data-in and data-out and an output enable function is included in order to eliminate 
the need for external bus buffers. 


Of special importance is that the TMS4016 static RAM has the same standardized pinout as TI's compatible EPROM 
family. This, along with other compatible features, makes the TMS4016 plug-in compatible with the TMS2516 (or 
other 16K 5 V EPROMs). Minimal, if any modifications are needed. This allows the microprocessor system designer 
complete flexibility in partitioning his memory board between read/write and non-volatile storage. 


The TMS4016 is offered in the plastic (NL suffix) 24-pin dual-in-line package designed for insertion in mounting hole 
rows оп 600-mil (15.2 mm) centers. It is guaranteed for operation from O?C to 70°C. 


(Courtesy of Texas Instruments Inc.) 


TMS4016 
2048-WORD BY 8-BIT STATIC RAM 


ЖЖ ЖЖ ии 


operation 
addresses (АО — A10) 


The eleven address inputs select one of the 2048 8-bit words in the RAM. The address-inputs must be stable for 
the duration of a write cycle. The address inputs can be driven directly from standard Series 54/74 TTL with no exter 
nal pull-up resistors. 


output enable (G) 
The output enable terminal, which can be driven directly from standard TTL circuits, affects only the data-out ter 


minals. When output enable is at a logic high level, the output terminals are disabled to the high-impedance state. 
Output enable provides greater output control flexibility, simplifying data bus design. 


chip select (5) 
The chip-select terminal, which can be driven directly from standard TTL circuits, affects the data-in/data-out ter- 


minals. When chip select and output enable are at а logic low level, the D/O terminals are enabled. When chip select 
is high, the D/O terminals are in the floating or high-impedance state and the input is inhibited. 


write enable (W) 

The read or write mode is selected through the write enable terminal, А logic high selects the read mode; а logic low 
selects the write mode. W must be high when changing addresses to prevent erroneously writing data into а memory 
location. The W input can be driven directly from standard TTL circuits. 


data-in/data-out (001 — 008) 

Data can be written into а selected device when the write enable input is low. The D/Q terminal can be driven directly 
from standard TTL circuits. The three-state output buffer provides direct TTL compatibility with à fan-out of one Series 
74 TTL gate, one Series 745 TTL gate, or five Series 7ALS TTL gates. The 0/0 terminals are in the high impedance 
state when chip select (S) is high, output enable (G) is high, or whenever a write operation is being performed, Data- 


out is the same polarity as data-in. 


Inc.) 
Courtesy of Texas Instruments 
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TMS4016 
2048-WORD BY 8-BIT STATIC RAM 


logic symbolt 


x VALID DATA WRITE 


Data output | REAO — | 
DEVICE DISABLEO 


OUTPUT DISABLED 


t This symbol is in accordance with IEEE Std 91/ANSI Y32.14 and recent decisions by IEEE and IEC. See explanation on page 10-1. 
absolute maximum ratings over operating free-air temperature range (unless otherwise noted) Î 


Supply voltage, Vcc (see Note 1).............. -0.5Vto7V 
Input voltage (any input) (see Note 1) .. -71Vto7V 
CSS ADT AA. а TERRA CIS UNSER R “. 1W 
Operating free-air temperature range 0°С to 70°C 
EG temperate TENGE A PTR eque TORE AA N LATA A LETT. - 55°C to 150°C 


! Stresses beyond those listed under ‘Absolute Maximum Ratings’ may cause permanent damage to the device. This is a stress rating only and functional 
Operation of the device at these or any other conditions beyond those indicated in the "Recommended Operating Conditions’ section of this specification 
is not implied. Exposure to absolute-maximum-rated conditions for extended periods may affect device reliability. 


NOTE 1: Voltage values are with respect to the Ves terminal. 


NOTE 2: The algebraic convention, where the more negative (less positive) limit is designated as minimum, is used in this data sheet for logic voltage levels only. 
(Courtesy of Texas Instruments Inc.) 
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TMS4016 
2048-WORD BY 8-BIT STATIC RAM 


electrical characteristics over recommended operating free-air temperature range (unless otherwise noted) 


Гмм түр! мах | 


or G at 2 V or W at 0.8 V, 
Мо =0 У to 5.5 V 
lo =0 mA, 
TA =0°C (worst case) 
Input capacitance М=0 V, 
Output capacitance Vo=0V, 


Off-state output current 


Supply current from Усс 


ТАН typical values are at Усс =5 V, Ta = 25°С. 


timing requirements over recommended supply voltage range and operating free-air temperature range 


PARAMETER 


Read cycle time 


NOTES: 3. сү =100 pF for alt measurements except tdis(W) 4nd fentW)- 


=5 pF for tgis(W) 89 taniw): 
4. Land tex parametr ar sampled and not 100% teed 


| Texas Instruments Inc.) 
(Courtesy of a 


e C-1 Error-Detection Codes 
Error Detection C-2 Hamming Error-Correction Code 

е C-3 Detecting and Correcting an Error 
and Correction 


C-1 ERROR-DETECTION CODES 


MU EE ф_ЗзЗ_д—————ЬЬ 


The 2-out-of-5 code is sometimes used in communications work. It utilizes five 
bits to represent the ten decimal digits, so it is a form of BCD code. Each code 
word has exactly two Is, which facilitates decoding and provides for better error 
detection than the single parity bit method. If other than two 1s appear, ап error is 
indicated. 

The 63210 BCD code is also characterized by having exactly two Is in each 
of the five-bit groups. Like the 2-out-of-5 code, it provides reliable error detection 
and is used in some applications. Е. 

The biquinary code (two-five) is used in certain counters and is composed of 
a two-bit group and a five-bit group, each with a single 1. Its weights are 50 43210. 
The two-bit group, having weights 50, indicates whether the number represented 
is less than, equal to, or greater than 5. The five-bit group indicates the count 
above or below 5. 

The ring counter code has ten bits, one for each decimal digit, and a single 1 
makes error detection possible. It is easy to decode but wastes bits and requires 


652 


| C 


С-2 HAMMING ERROR-CORRECTION CODE 653 


TABLE C-1 Some codes with error-detection properties. 


Decimal 2-out-of-5 63210 5043210 9876543210 


more circuitry to implement than the four- or five-bit codes. The name is derived 
from the fact that the code is generated by a certain type of shift register, or ‘‘ring 
counter.” Its weights are 9876543210. 

Each of these codes is listed in Table C-1. You should realize that this is not 


. an exhaustive coverage of all codes but simply an introduction to some of them. 


HAMMING ERROR-CORRECTION CODE 


' This section. discisies a method, generally known as the Hamming code, which 


t only provides for the detection of a bit error, but also identifies which bit is in 
av € dati it can be corrected. The code uses a number of parity bits (dependent 
on the number of information bits) located at certain positions in the code group. 

The Hamming code is р as follows for single-error correction. 


`. Number of Parity Bits Er a 
the number of information bits is designated т, then the number of parity bits, 

i is determined kA the following relationship: 
р=т+р+ 1 (C-1) 


Fk E. if we have four information bits, then p is found by trial and error 


wos EA 0 ‘Letp = 2. Then | 
1 тл 


ee TERES! 


San (dela IAM 


ERROR DETECTION AND CORRECTION 


Since 2? must be equal to or greater than m + p + 1, the relationship in Equation 
(C-1) is not satisfied. We have to try again. Let p = 3. Then 


»-2-8 


and 
т+р+1=4+3+1=8 


This value of p satisfies the relationship of Equation (C-1), and therefore three 
parity bits are required to provide single-error correction for four information bits. 
It should be noted here that error detection and correction are provided for ail 
bits, both parity and information, in a code group. 


Placement of the Parity Bits in the Code 


Now that we have found the number of parity bits required in our particular 
example, we must arrange the bits properly in the code. At this point you should 
realize that in this example, the code is composed of the four information bits and 
the three parity bits. The left-most bit is designated bit 1, the next bit is bit 2, and 
so on, as shown below: 


bit |, bit 2, bit3, bit 4, bit 5, bit 6, bit 7 
The parity bits are located in the positions that are numbered corresponding to 
ascending powers of two (1,2, 4, 8, . . .) as indicated: 
Ру, Pa, Мь Ps, Ma, M3, M, 


The symbol P,, designates a particular parity bit, and M,, designates a particular 
information bit, where n is the position number. 


Assignment of Parity Bit Values 


Finally, we must properly assign a 1 or 0 value to each parity bit. Since each parity 
bit provides a check on certain other bits in the total code, we must know the 
value of these others in order to assign the parity bit value. To do this, first 
number each bit position in binary; that is, write the binary number for each 
decimal position number (as shown in the second two rows of Table C-2). Next, 
indicate the parity and information bit locations, as shown in the first row of Table 


TABLE C-2 Bit position table for a seven-bit error-correcting code. 


Bit designation 
Bit position 
Binary position number 


EXAMPLE 
C-1 


С-2 HAMMING ERROR-CORRECTION CODE 655 


C-2. Notice that the binary position number of parity bit P, has a 1 for its right- 
most digit. This parity bit checks all bit positions, including itself, that have 15 in 
the same location in the binary position numbers. Therefore, parity bit P, checks 
bit positions 1, 3, 5, and 7. 

The binary position number for parity bit P, has a 1 for its middle bit. It 
checks all bit positions, including itself, that have Is in this same position, 
Therefore, parity bit Р, checks bit positions 2, 3, 6, and 7. 

The binary position number for parity. bit P, has a 1 for its left-most bit. It 
checks all bit positions, including itself, that have 1s in this same position. 
Therefore, parity bit P, checks bit positions 4, 5, 6, and 7. 

In each case, the parity bit is assigned a value to make the quantity of 15 in 
the set of bits that it checks odd or even, depending on which is specified. The 
following examples should make this procedure clear. 


Determine the single error-correcting code for the BCD number 1001 (informa- 
tion bits) using even parity. 


Solution 
Step 1. Find the number of parity bits required. Let p = 3. Then 
2 = 23 = 8 
т+р+1=4+3+1=8 
Three parity bits are sufficient. 
Total code bits = 4 + 3 = 7 


Step 2. Construct a bit position table: 


Bit designation 
Bit position 
Binary position number 


Parity bits are determined in the following steps. 
i arity bits as follows: 
же à 4. rare etit 1, 3, 5, and 7 and must be a 0 in order to have 
1 


1s (2) in this group. 
Р, jr tqq ы», 3, 6, and 7 and must be a 0 in order to have 
2 


an еуей number of 1з (2) in this group. 
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P, checks bit positions 4, 5, 6, and 7 and must be a 1 in order to have 
an even number of Is (2) in this group. 
Step4. These parity bits are entered into the table, and the resulting combined 
code is 0011001. 


EXAMPLE Determine the single error-correcting code for the information code 101 10 for 


odd parity. 


Solution 
Step 1. Determine the number of parity bits required. In this case the number 
of information bits, m, is five. 

From the previous example we know that p — 3 will not work. 

Try p = 4. 


2p = 24 = 16 


т+р+1=5+4+1 = 10 
Four parity bits аге sufficient. 
Total code bits = 5 + 4 = 9 


Step 2. Construct a bit position table: 


Bit designation 
Bit position 
Binary position 


Parity bits are determined in the following steps. 


Step 3. Determine the parity bits as follows: 
P, checks bit positions 1, 3, 5, 7, and 9 and must be a 1 to have an odd 
number of Is (3) in this group. 

P, checks bit positions 2, 3, 6, and 7 and must be a 0 to have an odd 
number of 1s (3) in this group. 
P, checks bit positions 4, 5, 6, and 7 and must be a 1 to have an odd 
number of Is (3) in this group. 
P, checks bit positions 8 and 9 and must be a 1 to have an odd number 
2 of Is (1) in this group. ч 
' Step 4. These parity bits are entered into the table, and the resulting combined 


code is 101101110. 


C-3 DETECTING AND CORRECTING AN ERROR 657 


C-3 DETECTING AND CORRECTING AN ERROR 


—————————— ————————Á "Ja NE 


Now that a method for constructing an error-correcting code has been covered, 
how do we use it to locate and correct an error? Each parity bit, along with its 
corresponding group of bits, must be checked for the proper parity. If there are 
three parity bits in a code word, then three parity checks are made. If there are 
four parity bits, four checks must be made, and so on. Each parity check will yield 
a good or a bad result. The total result of all the parity checks indicates the bit, if 
any, that is in error, as follows: г 


Step 1. Start with the group checked by P}. 

Step 2. Check the group for proper parity. A 0 represents a good parity 
check, and 1 represents a bad check. 

Step 3. Repeat step 2 for each parity group. 

Step 4. The binary number formed by the results of each parity check 
designates the position of the code bit that is in error. This is the 
error position code. The first parity check generates the least 
significant bit (LSB). If all checks are good, there is no error. 


Assume that the code word in Example C-1 (0011001) is transmitted and that 
0010001 is received. The receiver does not ‘‘know’’ what was transmitted and 
must look for proper parities to determine if the code is correct. Designate any 
error that has occurred in transmission if even parity is used. 


EXAMPLE 
С-3 


Solution First, make а bit position table: 


Bit designation 
Bit position 

Binary position numb 
EERE ў 


First parity check: 
P, checks positions 1, 3, 5, and 7. 


There are two Is in this group. ы 
Parity check is good. LL MM 

Second parity check: 
Р, checks positions 2, 3, 6, and 7. 
There are two Is in this group. i 
Parity check is good. ХОЛА И det БА ج‎ 


Third parity check: 


P, checks positions 4, 5, 6, and 7. 
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EXAMPLE 
C-4 


ERROR DETECTION AND CORRECTION 


There is one 1 in this group. 

Party среске bad) ЖЕ 1 (MSB) 
Result: 

The error position code is 100 (binary 4). This says that the bit in the number 

4 position is in error. It is a 0 and should be a 1. The corrected code is 

0011001, which agrees with the transmitted code. 


The code 101101010 is received. Correct any errors. There are four parity bits 
and odd parity is used. 


Solution First, make a bit position table: 


Bit designation P, | Pa | M;i | Р | М, М. | P, s 
Bit position 1 2 3 4 5 7 8 
Binary position number | 0001 | 0010 | 0011 | 0100 | 0101 0111 | 1000 

La SET ETE us 


RUM 


First parity check: 

P, checks positions 1, 3, 5, 7, and 9. 

There are two 1s in this group. 

„Parity check is bad. 1 (LSB) 
Second parity check: 

P, checks positions 2, 3, 6, and 7. 

There are two 1s in this group. 

Panty Checks) DAG yearn eet 
Third parity check: 

P, checks positions 4, 5, 6, and 7. 

There are two Is in this group. 

Parity check is Бай. 1_y | 
Fourth parity check: 

P, checks positions 8 and 9. 

There is one 1 in this group. 

Parity check is good. ————————————— — ———————» 0 (MSB) 
Result: : 

The error position code is 0111 (binary 7). This says that the bit in the number 

7 position is in error. The corrected code is therefore 101101110. 


Conversions 


Decimal BCD(8421) 


Octal Binary | Decimal BCD(8421) 


" etu 


Octal 


Binary 


BCD(8421) Octal Binary | Decimal BCD(8421) Octal Binary 


doas 01017 113 — 1001011. 
14 1001100 
115 — 1000101 
16 1001110 
17 1 
120 
12574 
_ Q2 101000 
. 3 1010011 
124 — 1010100 - 


25 . 1010101. 
M6 00110. 
127 1010111. 
1011000 - 
1011001 
1011010 
1011011. 


1011111. 
1100000 . 
1100001 
1100010 
1100011 | 


| 
| 
| 
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Solutions to 
Self-Tests 


CHAPTER 1 


Гог 0 

HIGH = 0 (negative logic) 

Bit-binary digit 

Negative-going 

Negative-going 

A periodic waveform repeats itself at fixed time intervals. A nonperiodic waveform is 
nonrepetitive. | 
Period is the time interval for a periodic waveform to repeat, or the time for one cycle 

Frequency is the rate at which a periodic waveform repeats itself. The unit of 


frequency is the hertz, Hz. 
Duty cycle increases when pulse width increases with respect to the period. 


Boolean algebra 

Inverter 

AND: the output is HIGH only when all inputs are HIGH. OR: the output is HIGH 
when one or more inputs are HIGH. 


A flip-flop can retain (store) a binary state, but a gate cannot. 


Comparison: Determines >, =, < relationships of two numbers. 


Arithmetic: Add, subtract, multiply, and divide. 
Encoding: Converts information into coded form. 
Decoding: Converts coded data to a familiar form. 
Counting: Counts events, divides frequency. 


А-2 


SOLUTIONS TO SELF-TESTS 


Register: Stores digital data. 


Multiplexing: Puts data from several sources onto a single line in a time sequence. 


Demultiplexing: Reverse of multiplexing. 
15. Dual-in-line package, a type of integrated circuit package (DIP). 
16. The microprocessor, memory, and О interface. 
17. Architecture is the internal structure and arrangement of a system. 
18. Input/output 


19. Troubleshooting is the systematic approach to isolating and identifying a fault in a 


circuit or system. 
20. Oscilloscope, logic analyzer, signature analyzer, logic probe, pulser. 


CHAPTER 2 


1. The base of the decimal number system is 10 (ten); 10 digits 
2. (а) 28, =2 x 10 + 8x I 

(b 389,, = 3 x 100 + 8x 10+9x I 

(с) 1473, = Fx 1000 + 4 x 100+ 7 x 10 + 3 XÎ 

(d) 10,956,, = 1 x 10,000 + 9 x 100+ 5 x 10+ 6x I 
Заа) ЧӨ eB 999 0. Ке) 100999 


37 —892 — 3347 
42 107 6652 
45 Ха) 579 +6) ,/‹99 ENED >: 9999 77.09) 3419990. 
-8 57 = 1964 — 8840 
1 42 8035 1159 
c ада | Ж | cendi d 
2 43 8036 1160 
5. 100000. 100001, 100010, 100011, 100100, 100101, 100110, 100111, 101000, 101001, 
101010. 
6. (а) 1101, = 1 x 234 1 x 22 + 1х 20 = 8+ 4+ E53, 
(b 100101, = 1 x 25 + 1 x 22 + I x 20 = 32 + 4+1 = 37), 
(с) 01101101, = 1 x 27+ 1х 264 Lx 244 1x 2241 x 22 + I x 20 
= 128 + 64 + 1648+ 4 +11 = 221,65 
(d) 1011.011, = х 23+ 1x 26+ 1x 20-1 x 2722 1 x 2 
= 82-1025 0.125 = 11.3755 


(e) 110.1011, = 1 x 2 
=8+4+2+ 05 + 0.125 + 0.0625 = 14.6875,, 


ох oth x Qh Дихан | x 2-3 + 1 x 2-4 


SOLUTIONS ТО SELF-TESTS 


7. а) 110, (b 11010, © 110, 
+011, +01111; -010 
1001, 101001, 100, 

10 
(d 101, © Mi, (f) 0111,10, 
- 10110; x 101; 111 
00101, 111 0 
+1110 
100011, 
8. (a) 110101 — 001010 1's complement 
001010 + 1 = 001011 2's complement 
(b) 0001101 — 110010 1's complement 
1110010 + 1 = 1110011 2's complement 
8 51 
9. (a) 7 (b 2)102 
16 102 
1—1 0— 0 
E. 
8 25 
8 251 
0—0 50 
24 12 
4 225 
0—0 24 
1 1—1 
22 6 
2 212 
0—0 12 
0 0—0 
21 3 
1—1 Po 
! 
23 
2 
1—1 
0 
Ji 
0 
1—1 


А-3 


A-4 


SOLUTIONS ‘TO SELF-TESTS 


277 4 36 0.66 x 2 = 1.32 
(c) 2)555 28 (d) 27 إا‎ 
554 8 72 0.32 x 2 = 0.64 
Lar 0—0 0—0 0 
138 2 18 0.64 x 2 = 1.28 
2277 2a 2)36 رجا‎ 
276 4 36 0.28 x 2 = 0.56 
P 0—0 0—0 L_,9 
69 1 9 0.56 x 2 = 1.12 
2138 22 Jis 1 
138 2 18 0.12 x 2 = 0.24 
0—0 0—0 0—0 0 
34 0 4 0.24 x 2 = 0.48 
269 л 2)9 0 
68 0 8 0.48 х 2 = 0.96 
1— 1 1— 1 1—>1 > 
17 2 
2734 1000101011, 24 [ 1001000. 10101, | 
34 4 
8 1 
dir 22 
16 2 
0 
л 
0 
1—1 
10. 8,8 
2 5 47 
M. (a) 8716,5 (b) 8450 (c) 8380. 
16 40 32 
0 —0 57-55 “60 
0 0 56 
82 8)5 4 — 4 
0 0 5 
LEES, NES. 847 
40 
[m]. EA وسا‎ 
0 
85 
0 
5 —5 
574, 


12. (a) 7041, = 111000100001, 
(b) 65315, = 11010101 1001101, 


SOLUTIONS ТО SELF-TESTS A-5 


13. 100101111000010110010, 
457026245146, 
14. 100011000101111100111101000100001011; 
8 C 5.8.3 (D. 14,0, В => 8CSF3D10B,, 
15. 5A3F,, = 01011010001101001111, 
16. 0,1,2,3,4,5,6, 7, 8,9, A, B, C, D, Е, Е, 10, 11, 12, 13, 14, 15 
, 4,5, 6, 7, 8, 9, A, B, C, D, Е, Е, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 
IC, 1D, IE, IF, 20 6, 17, 18, 19, 1A, 1B, 
17. n 20 = pm (b) 79, = 01111001 
c io = 011100011000 (d) 954.61, = 100101010100.01100001 
18. 0100100110000110 ч 
4 9 8 6 — 49860 
19. 101011011, > 111110110 (Сгау) 
20. 1100100 — 1000111, 
21. Excess-3 is self-complementing. 
22. From Table 2-7: 
H is 1001000, X is 1011000, : is 0111010, = is 0111101, % is 0100101 
CHAPTER 3 
1. (a) Input HIGH, output LOW (b) Input LOW, output HIGH 
(c) Input 1, output 0 (d) Input 0, output 1 
2. AND gate with inputs DCBA: X = 1 when DCBA = ИИ. X = 0 for all other 
combinations of DCBA. \ 
3. OR gate with inputs РСВА: Х = 0 when DCBA = 0000. X = 1 for all other 
combinations of DCBA. 
4. The normally HIGH output goes LOW at t = 0.8 ms and back HIGH at ¢ = 1 ms, thus 
creating a 0.2-ms-wide negative-going pulse. 
5. The normally HIGH output goes LOW at = 0 ms and back HIGH att = 3 ms, thus 
zreating a 3-ms-wide negative-going pulse. 
6. (рн. 
7. Pyiss = Vcclec = © У mA) = 10 mW 
8. When the output of the driving gate is HIGH, the level can fluctuate as much as 0.2 V 
without appearing as а LOW to the load gate. ^ | 
9. The gate can reliably drive up to 20 inputs to gates In the same family. 
10. The 74S is faster than the 74L. L = Low power; $ = Schottky. 
11. CMOS * 
12. (а) 7400: Quad two-input NAND (Ы) 7404: Hex inverter 
(c) 7411: Triple three-input AND (d) 7420: Dual four-input NAND 
(e) 7432: Quad two-input OR (f) 7427: Triple three-input NOR 
CHAPTER 4 


1. 


4 


(а) ANDed (b) ORed (©) 
(a) Three-input AND 
(c) Three-input NAND 


Complemented (inverted) 
(b) Three-input OR 
(d) Three-input NOR 
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3. (a) A+B = В + A, commutative 
(b) AB = BA, commutative 
(c) CD = DC, commutative 
(d) (A + B) + C =A + (B + C), associative 
(e) A(R + C + D) = AB + AC + AD, distributive 
(f) A(BCD) = (ABC)D, associative 
4. (а) В+!=1 (b 0-B-B (с) B-1=B 
(d B-B-B (0) C+C=C (0 D-D=D 
(в) C=C (h B+ ВС = Ва + C) 
=B-1=B 
5. DeMorgan’s theorem 
6. (a) AB + CD: Two 2-input AND gates and one 2-input OR 
(b) A + B + CD: One 2-input AND and one 3-input OR 
(c) A(B + C + DE): Two 2-input AND gates and one 3-input OR 
7. (a) Sum-of-products (b) Product-of-sums 
8. (а) АВС + ABC = А(ВС + BC) = А ·1 = A. Correct. 
(b A + BC + AC = A + AC + BC = A + C + BC = А + С(1 + B) = A + C. Not 
correct; the answer is A + C. 
(с) А(АВС + ABCD) = A(BC(A + AD)) = A(BC(A + D)) = ABCD. Correct. 
CHAPTER 5 
1. X = ABCD + EF 
2. (a) Two 3-input AND gates with inputs A, B, C and A, B, C, respectively. The 
outputs of these two AND gates go into a 2-input NOR gate. 
(b) Exclusive-OR 
(c) Three 4-input AND gates with inputs A, B, C, D and A, B, C, D and A, B, C, D, 
respectively. The outputs of these AND gates go into a 3-input OR gate. 
3. X = 1 when ABC = 010, 101, and 111. 
4. Three 3-input AND gates with inputs А, B, C and А, B, С and А, В, C, respectively. 
The outputs of these AND gates go into а 3-input OR. 
5. The maximum path has four elements. 4(8 ns) = 32 ns. 
6. X = (А + B + C)(D + ВЕ. See Figure S-1. 
A 
ч 
р -Х=(А+В+ CXD + ВЕ 
Е 
Е 
FIGURE S-1 
7. X = ABC + DE + F. See Figure S-2. 
FIGURE S-2 


X = ABC + DE + F 


am 9052» 
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X = AB + AB. See Figure S-3. 


A 


àl 
= 


Х = АВ+ 


FIGURE 5-3 


СНАРТЕК 6 


15. 
16. 
17. 


18. 


A full-adder has a carry input, but a half-adder does not. 
(a) Y=1,CO=0 (0) £ = 0, СО = 1 
($-1,CO-0 (0) 2 = 0, GO = 0 
(а); = 1,С0=0 (6) £ = 0, CO 


(с) © =0,CO =1 (d) X 
A Аб 01 o 5/0, 3, = 0, CO = 
+B,By ЖН. 
COX,X, 


Connect two more 7482s to Figure 6-11 with CO to CI of each. 
Connect two more 7483As to Figure 6-12 with CO to CI of each. 


(а) Сб = PQ=1-0=0;CP=P+Q=1+0=1 
(b) CG = Р0=0-0= 0; СР=Р+0=0+0=0 
(с) Сб = РО = 1:1 = СРЕ Р+ О = 1+1=1 
(а) P>Q=1,P<Q= Р= 0 = 0 


(b) < LOW, = HIGH, > LOW 
Add one more 7485 to Figure 6-25 with P < О output to < input, Р = О output to = 


input, and P > Q output to > input. 
(a) 12 output LOW (b) 8 output LOW (с) 2 output LOW 


(a) 5 output LOW (b) 9 output LOW 
(c) No output LOW, invalid input 

(a) b.c (b a,b,c (с) a,b,c,d, g 
The complement of BCD 7. 


(а) 10010011 (b) 01100111 
Lee І |L, ови І 
00000010 2 00000010 2 
00001010 10 00000100 4 
01010000 80 00010100 20 
01011101, +934 00101000 40 
01000011, —67 о 


Two exclusive-OR gates connected as in Figure 6-53. 

Eight exclusive-OR gates connected as in Figure 6-56. 

(a) 1Y = 2Y = 0; 3= 1,4Y =0 

(b) 1Y = 0,2Y = 0, 3Y = 0, 4Y = 1 r4 | 

Output is a square wave (50% duty cycle) beginning with a LOW. 
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19. See Figure S-4. 


FIGURE S-4 


%. See Figure S-5. 


d EN 74151A 


У = CBA + CBA + CBA 
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21. Pin 13, P^, 
22. (a) 111010 (Б) 01001 (е) 10111101 
23. (а) 011010 (b) 11001 (с) 00111101 
СНАРТЕК 7 
1. SET 
2. It forces both Q and О to the HIGH state, and when inputs аге released, the resulting 
state of the latch is unpredictable. 
3. О goes HIGH when EN goes HIGH; О goes LOW when D goes LOW. 
4. S-R, D, J-K 
5. EDAM edge-triggered is sensitive to data inputs only on positive-going edge of 
clock. 
кая edge-triggered is sensitive to data inputs only оп negative-going edge of 
clock. 
6. J-K has no invalid state. 
7. О remains 0. О remains 0. 
8. Data go into master on leading edge of clock, then into slave and to output on trailing 
edge of clock. 
9. Data cannot be changed while clock pulse is in active state. 
10. The data lock-out flip-flop has a dynamic indicator on the clock input as well as the 
postponed output symbol. 
11. Григ (clock to Q) is the delay time from triggering edge of clock to HIGH-to-LOW 
transition of Q. 
tp, (clock to Q) is the delay time from triggering edge of clock to LOW-to-HIGH 
transition of Q. 
tpj1, (CLR to Q) is the delay time from clear input to О (always HIGH-to-LOW). 
tp, (PRE to Q) is the delay time from preset input to Q (always LOW-to-HIGH). 
EMT pma = 3008 t 37 ns = 67 ns 
Snax = VT = 1/67 ns = 14.9 MHz 
13. Counting, frequency division, data storage, and data transfer. 
14. T = 1/10 kHz = 0.1 ms = 100 ps 
A square wave (5076 duty cycle) with a frequency of 10 kHz 
15. As timing (clock) sources. 
CHAPTER 8 
1. Each flip-flop in a synchronous counter is clocked simultaneously. Each flip-flop in an 
asynchronous counter is ripple clocked, resulting in greater delays and lower operat- 
ing frequency. 
2. Lower frequency of operation 
3, @ 244 (5 *-16 (007-9 
(d 26 = 64 (е) 27 = 128 (0) B= 256 
4 2:935 «94 OF 
os 06 Qo №8 
5. 4(12 ns) = 48.ns 


12 ns 
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7. А BCD decade counter has ten states (0 through 9). The О output of the most 
significant stage has a frequency which is one-tenth of the clock frequency. See 
Figure S-6. 


MSB ر‎ ЕЕК Pi ЗАВ 


FIGURE S-6 


8. 1010, 1011, 1100, 1101, 1110, 1111 
9. The counter is parallel loaded to DCBA = 0101. 
10. 0001; 1111 
И. J=0,K =X 
12. (a) One flip-flop 
(b) Two flip-flops 
(c) Modulus-5 counter 
(d) Decade counter 
(e) Decade counter and flip-flop 
(f) Decade counter and two flip-flops 
(g) Decade counter and four flip-flops 
(h) Two modulus-5 counters and one decade counter 
(i) Three decade counters 
(j) Four decade counters 
13. See Figure S-7. 


LSB LSB 
І 5 
MSB 
MSB 
tb) 
(a) 
LSB LSB 
10 1 T 
MSB 
MSB (d) 


(c) 
FIGURE 5-7 
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14. 


State 12 is decoded by the NAND gate, presetting the counter to | by loading the 
parallel inputs into the 74LS160A and by causing the flip-flop to RESET on the next 
clock pulse. 


15. T = If = VIO KHz = 0.1 ms = 100 us 
Time for two bytes: 16(100 us) = 1600 ps 
CHAPTER 9 
" A flip-flop stores а | when SET and a 0 when RESET. 
„16 
3. 8 
4. Connect the Q output of each flip-flop to the 5 input of the following one and the о 
output to the К input. The data input goes to 5 of the first flip-flop, and the 
complement of the data input goes to the R input. 
5. Take output from Ос. 
6. 01111001 after two clock pulses, 01011110 after four clock pulses, 10110101 after eight 
clock pulses. 
7. 00110000 
8. Five 
9. The type of sequence and the way it is generated. 
10. 0000, 1000, 1100, 1110, 1111, 0111, 0011, 0001 
11. 10010000, 01001000, 00100100, 00010010, 00001001, 10000100, 01000010, 00100001, 
10010000 
12. T = 3ys, f = 1/3 ps = 0.333 MHz = 333 kHz 
13. 1010, 0101, 1010, . . . 
14. Serial-to-parallel and parallel-to-serial conversion. 
15. 74123 
16. To sequentially apply a LOW to each row line to detect a switch closure. 
CHAPTER 10 
1. 512 x 8 = 4096 bits 
2. Read 
3. Mask ROM, PROM, EPROM; mask ROM, PROM 
4. Static, dynamic; static 
5. Four 
6. To keep track of the address in memory 
7. To temporarily store the address code while it is sent out on the address bus 
8. 65,536 bits 
9. 1024 x 4 — 4096 bits 
10. 29 — 512; 9 bits 
11. Enables the memory to operate { , 
12. Provides for a lower power consumption when memory is not in operation 
13. 100 ns + 450 ns = 550 ns 
14. (300 ns)256) = 76,800 ns = 76.8 ps 
15. The address code is multiplexed in two 7-bit groups (row and column). 
16. Generates the sequence to address all rows for purposes of refreshing 
17. Two; word length expansion 
18. Minor loops 
19. Error detection i ? 
PLAs consist of AND and OR gate arrays. ROMs consist of storage cells. 
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CHAPTER 11 


1. 


دو س د و درم وط 


Interfacing is the method of interconnecting two circuits or systems so that they 
function properly together. 

Fan-out 

TTL-to-CMOS; pull-up resistor to make HIGH levels compatible. 

Open-collector 

See Figures 11-4 and 11-5. 

Open-collector 

Two-way bus 

Talker, listener, and controller 

15 

Analog—continuous values; digital—discrete values 

100/25 — 1) = 100/31 = 3.23% 

No reverse steps 

Tracking is faster than stairstep-ramp. 

BW = 3000 Hz — 300 Hz = 2700 Hz 

Because digital signals contain high frequencies outside the telephone bandwidth. 
Frequency shift keying 

Couples transmitted and received signals by sound waves 

To interface modems (DCEs) with DTEs 


CHAPTER 12 


RSL tee 


Безе 


Sign bits: 1 for negative, 0 for positive 

With sign and complement of magnitude 

Addition of twò positive or two negative numbers 

Incorrect sign and magnitude 

Add (A + B), subtract (А — B, B — A), exclusive-OR (A ® B), AND (AB) OR 
(А + B), clear, preset 

AND mode 

Accumulator 

Operands 

Add 0110 to invalid sum. 

Data bus provides for data transfer into and out of system and within system. Address 
bus provides for sending address to memory or I/O. 

(a) Program counter: Keeps track of memory address. 

(b) Stack pointer: Used with memory stack. 

(c) Index register: Used with indexed addressing. 

(d) Condition code register: Indicates status of accumulator. 

(e) Instruction register: Temporarily holds instruction code. 

It takes more bits to address memory than there are in a data word. 


Answers to 
Odd-Numbered 
Problems 


CHAPTER 1 


1-1 (а) 11010001 (b) 000101010 
1-3 (a) 0.6 ps (b) 0.45 ps 
(с) 2.7 ps (d) 10У 


1-5 250 Hz 

1-7 50% 

1-9 AND gate 

1-11 (a) Adder (b) Multiplier 
(c) Multiplexer (d) Comparator 
LSI 


Dual-in-line package (DIP), flat pack, chip carrier 
Printers, keyboards, video terminals 
1-19 Pulse train 


CHAPTER 2 


у С (b) 4 (с) 1 (9) 87 
(е) 82 (f) 74 (в) 50 (в) 13 
(i) 872 (j) 618 (к) 309 (1) 8645 
В-1 
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2-3 


2-5 


2-7 


2-9 


2-11 


2-13 


2-15 
2-17 


2-19 


2-21 


2-23 


2-25 


2-27 


2-29 
2-31 


2-33. 


(a) 
(d) 
(a) 
(e) 
(a) 
(d) 
(g) 
(a) 
(e) 
(i) 
(a) 
(с) 
(е) 
(а) 
(с) 
(е) 
(а) 
(4) 
(а) 


3 (b) 81 (c) 64 

48 (e) 16 (0 10 

3 (b) 4 (<) 7 (d) 8 

9 (0 12 wW 11 (№) 15 

51.75 (b) 42.25 (c) 65.875 
120.625 (e) 92.65625 ( 113.0625 
90.625 (h) 127.96875 

5 bits (b) 6 bits (c) 6 bits (d) 7 bits 
7 bits (f) 7 bits (g) 8 bits (h) 8 bits 
9 bits 

100, (b) 100, 

1000, — (d) 1101, 

1110, (0 11000, 

1001, (b) 1000, 

100011, (d) 110110, 

10101001, (f) 10110110, 

010 (b) 001 (c) 0101 
00101000 (e) 0001010 (40 11110 

10 (b) 001 (с) Olt 

0011 (e) 00100 (© 01101 

1010, (b) 10001, (c) 11000, 
110000, (е) 111101, (D 1011101, 
1111101, (h) 10111010, (1) 100101010, 
10 (b) 23 (с) 46 (9) 52 

67 (f) 367 (g) 115 ( 532 
4085 

001011, (b) 101111, 
001000001, (d) 011010001, 
101100000, (f 100110101011, 
00101 1010111001, (h) 100101110000000, 
00100000001000101 1, (j) 001000011.100101. 
00111000, (b) 01011001, 
101000010100, (d) 010111001000, 
01000001 (f) 1111101100010111, 
10001010. 1001, 

35 (b) 146 (c) 26 (d) 141 
243 (f) 235 (g) 1474 (h) 1792 
60, (b) 10B, © IBA, 

00010000 (b) 00010011 

00011000 (d) 00100001 

00100101 (f) 00110110 

01000100 (h) 01010111 

01101001 (j) 10011000 
000100100101 () 000101010110 
000100000100 (b) 000100101000 
000100110010 (d) 000101010000 
000110000110 (Г) 001000010000 
001101011001 (h) 010101000111 
0001000001010001 (j) 0010010101 10001 1 
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2-35 (a) 80 (b) 237 (c) 346 (d) 421 
(e) 754 (f) 800 (g) 978 (h) 1683 
(i) 9018 (j) 6667 


2-37 (a) 00010100 (b) 00010010 
(c) 00010111 (d) 00010110 
(e) 01010010 (f) 000100001001 


(g) 000110010101 (h) 0001001001101001 

2-39 The Gray code makes only one bit change at à time when going from one number in 
the sequence to the next. 

2-41 (a) 1100 (Ы) 00011 (c) 10000011110 

2-43 (a) 0 (b) 6 (c) 4 
(d) 13 (e) 49 ( 52 


CHAPTER 3 
3-1 Figure P3-1 
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3-3 Figure P3-3 


FIGURE P3-3 1 | | | | 


3-5 Figure P3-5 


FIGURE в: a ая 
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3-7 


3-11 


3-13 


3-15 


Figure P3-7 


FIGURE P3-7 LIT gy ae E 
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Figure P3-9 
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FIGURE P3-11 
A 
[ HI ni 
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Figure P3-15 
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3-17 Figure P3-17 


FIGURE P3-17 


хоо ә > 


3-19 4.3 ns, 10 ns 
3-21 20 mW 
3-23 40 mW 
3-25 0.3 V 

3-27 400 pA 
3-29 CMOS 

3-3 И ns 

3-33 NOR gate 


3-35 (a) Defective output (stuck LOW). 
(b) Input 2 is defective (open). 


CHAPTER 4 
4-1 (a) X = AB 


(b) X = ABC 
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© ХЕА+В @ ХЕА+В+С 
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хх --е- 


| о-о ~ 


«оо – = 


о-о - о-о – 


оо - - ое – ~ 


A B C|X 


ococccoc-——--— 


(e) X = АВ + C 


co-o-oo-=— 


AC |X 


0 
0 
0 
0 
0 
0 
| 
l 


[1 
22 - - оо- ~ 


Ф) X=AB+AC двс 


coococc-ooco 


ее -е-е-е- 


© © --38е-- 


A B CIX 


ecc OGs:——— 


(а) X = ABC 


| ее -е-е-е- 


ајоо- - оо – ~ 


тоосоо m me – m 


(i) X = A(B + С) 


=—--©©©555 


| е-е-е-е- 


| ее--ее-- 


< еее ---- 


(j) X = AG + C) 
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4-3 (а) X-AB (b Х=А (0 Х=А+В (d Х=А+В+С 


4-5 (а) ХЕА+В (b X = АВ 


Х 
0 
1 
1 
| 


(©) X = АВ + ВС (d X = (А + BC 


E 


—o—-c-c—-coc|na 


A 
0 
0 
0 
0 
! 
1 
| 
1 


——==——©== | e 
-э-э-е-=з о 
——oo—-ooo!x 
Maze Eye © @ |5 
= о-о- ооо |х 


© X = (A + BB + C) 


== - - оор |> 
= = оо -- оо |ә 
= о - о-о - о |с 
-0O ae = OO SO fide 


ЖҮРЕ ЕР, s (b) 
CD +At+B+C+D (d) 
(C + DE + Е) + ABCD e 
vbt + ne 4 BD (b) AD + BCD (с) АВС + ACD 
АВ + АВ, sum-of-products 
AB + ABC + ABCD, sum-of-products 
А + C), product-of-sums _ 
(А j pa +В + СОА + В + € + D), product-of-sums 


АВС + АВС + АВС 


دچ چ 
Q‏ 


onan an? 


= 
MOX» 


< 
1 
Š 
+ 
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4-15 Figure Р4-15 


8 
x 
dew cog 


(a)X =A+B+C (b X 
A A 
С x с 
(OX = АВ +С D 
4 w) 
B 
c X 
D 


() X = AB(C + D) 
FIGURE P4-15 


Awa 
> 


= АВС 


X = AB + CD 


(© X = BC + ACD 


4-17 (a) А (b АВ © C (d A (e) AC + BC 
4-19 (а) BD + BE + DF (b) ABC + ABD 

(e Жүл: | Ве (d АВ + CD (е) АВС 
4-21 (à Х=АВ+ВС (b Х=АС (©) Х= В 

(d) X=C (e) X = BC + A, no simplification 
4-23 (a) No simplification (b) X = АВС + ABC 

(d) X = BC (e) X =B+D 
CHAPTER 5 
5-1 (a) X = AB 

(© X=A+B y (4 X-A«B 


ANSWERS TO ODD-NUMBERED PROBLEMS 


5-3 X = AB + AB 


5-5 (а) X= (AB+ OD +E (b) X= (A + BBC + D 

(© X = (АВ + OD * E (d) X = (AB + CDXEF + GH) 
5-7 X = 0 for all combinations of ABC 
5-9 Figure P5-9 
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х 

о ш>» 
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(а) X = AB + BC (b X = A(B + C) 
А 
В 
А UE ў 
В Е 
X F 
G 
B 
©) X АВ &"AB (d) X = ABC + ВЕЕ + б) 
A 
B 
С A X 
D B 
[^ 
(e) X = A[BC(A + В + € + D) 
c 
D 
E 
F d x 
G 
A 
А С 


(D X = B(CDE + EFG) (AB + C) 


FIGURE P5-9 
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5-11 Figure Р5-11 


A A 
C e 


(а) X = АВС (b X = AB 
A A 
== 
B B 
С 
ӨХ=А+В 


W)X=A+B+E 


= 


(e) X = АВ + CD 


B 
x 

c 
D 

(f) X = (4 + BIC + D 
D 
E 
A 
B 
A 
B 
€ 
B 
€ 
E A 

B 


(g) X = ABIC(DE + АВ) + BCE] 
FIGURE Р5-11 
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5-13 X = lamp ON, A = front door switch ON, В = back door switch ON; Figure P5-13 


FIGURE P5-13 A 


X 
B 

5-15 X = AB 
5-17 (a) No simplification (Б) № simplification 

(©) ХЕА ( X =A + C +B + EF +G 

(е) X = АВС (D X = BCDE + ABEFG + ВСЕЕС 
5-19 (a) № simplification (b) No simplification 

(c) No simplific cation (d) No simplification 

(е) X= A+B+C+D (f) No simplification 


(p X = ABD + ABC + ABE 
5-21 Figure P5-21 


FIGURE Р5-21 


5-23 Figure P5-23 


FIGURE P5-23 
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5-25 X = A + B; Figure P5-25 


га г 


FIGURE Р5-27 4 


5-29 The output pulse width is greater than the specified minimum. 

5-31 X = ABC + DE. Since X is the same as the С, output, either G, ог С, has failed 
with its output shorted (stuck LOW). 

5-33 Gate С, has a shorted input. 


CHAPTER 6 


6-1 (а) G, output = 0, G, output = 1, G, output = 0, С. output = 1, Gs output = 1 
(0) G, output = 1, G, output = 0, G, output = 1, G, output = 0, G; output = 1 
(e) G, output = 1, С, output = 1, G, output = 0, G, output = 0, G, output = 0 


ANSWERS ТО ODD-NUMBERED PROBLEMS 


6-3 No simplification for sum logic; СО = PQ + QCI + PCI 
6-5 11100 
6-7 X, = 1001110001000110 


У, = 0101000011110011 

У, = 1111100001100010 

У, = 0100001011 101110 

X, = 1010110010010000 
6-9 225 ns 


6-11 P = Qis HIGH when P, = Q, and P, = Q,; Figure P6-11 


FIGURE P6-11 BT iue Н МЕЛ i 
Po 


6-13 (a) G, output=1 (b) G, output = 1 (©) e 
G, output = 0 › output = 1 бз 
С, output = 1 ;, output = 0 3 
G, output — 0 , output — 0 и 
G, output = 0 G, output = 0 б 
С, ошрш = 0 , output = 0 rh 
G, output = 1 G, output = 0 m 
G, output = 0 G, output = 0 s 
G, output — 0 G, output = 0 s 
Go output = 1 Gio output ^ > до 
Си output = 0 G,, output i $ e 
Су output = 0 Су, output = en 
Суз output = 0 Суз output к j; 2 
G,4 output = 0 Су output т r 14 
Gs output = 0 Gis iun = 


output 
output 
output 
output 
output 
output 
output 
output 
output 
output 
output 
output 
output 
output 


yon m um um mg N N N OA N f и 


ооооооооо о oe sees 


G,s output 
A-B 


B-13 


В-14 
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6-15 Figure P6-15 


(LSB) (a) 


cs (Ы 


6-17 Х = ОСВА + DCBA + DCB 


(MSB) 

1 

0 

1 

1 

0 

1 

0 

(LSB) fe) 
(MSB) 

1 

1 

1 

1 1 
1 

0 

(LSB) (0 

(MSB) 

0 

0 

0 

1 1 
0 — »— 

1 

(LSB) (g) 

(MSB) 

1 

1 

1 
0 1 
1 

1 
0 

(LSB) (h) 
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6-19 


6-21 
6-23 


6-25 


Figure P6-19 


FIGURE P6-19 


DCBA = 1011, invalid BCD 
(a) IHE LN (b) 1000010000 


(c) 0000001001 (d) 1000000000 
Figure P6-23 


by By В By Bs 


FIGURE P6-23 


(b) 1000 — 1000, 


0010 — 0010. 
T 1 (d) 00100110 — 11010; 


(c) 00010011 — 1101, 
(e) 00110011 — 100001, 


B-15 
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a rtm 
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CHAPTER 7 
7-1 Figure P7-1 


FIGURE P7-1 


7-3 Figure P7-3 


7-5 Figure P7-5^ 


7-7 Figure P7-7 


FIGURE P7-7 
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7-9 Figure P7-9 


7-11 Figure P7-11 


FIGURE P7-11 


7-13 Figure P7-13 


B-19 
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7-15 Figure P7-15 


FIGURE P7-15 


7-17 Figure P7-17 


FIGURE P7-17 


7-19 Figure P7-19 


FIGURE P7-19 
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| 
„рк 


ANSWERS TO ODD-NUMBERED PROBLEMS B-21 


7-21 Figure P7-21 


FIGURE Р7-21 D 
E ТОИ 
| 
| 


Pulse triggered О ССС 


Data lockout Q 


7-23 150 mA, 750 mW 
7-25 Divide-by-2; Figure P7-25 


пиши» — [lr 
CLK 


7-27 Figure P7-27 


FIGURE Р7-27 


7-29 1.848 ps 
7-31 28.8 kHz 


В-22 
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CHAPTER 8 


8-1 


л 


et 


Figure P8-1 


FIGURE Р8-1 


Worst-case delay occurs when all flip-flops change state from 011 to 100 or from 111 
to 000. 
8 ns 
Initially, each flip-flop is RESET. 
At CLK: J, = K, = 1 Therefore Q, goes to a 1. 
Jg = Kg = 0 Therefore Оз remains а 0. 
Jc = Kc = 0 Therefore Ос remains a 0. 
Jp = Kp = 0 Therefore Qp remains a 0. 
At CLK; J, = К, = 1 Therefore Q, goes to a 0. 
1 Therefore Q, goes to a 1. 
0 Therefore Ос remains а 0. 
0 Therefore O, remains a 0. 
At CLK, J, = К, = 1 Therefore Од goes to a 1. 
0 Therefore Q, remains а 1. 
0 Therefore Ос; remains а 0. 
Jp = Kp = 0 Therefore Qp remains a 0. 
A continuation of this procedure for the next seven clock pulses will show that the 
counter progresses through the BCD sequence. 
Figure P8-9 


FIGURE P8-9 
CLK i 


| 


I dell 
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8-1! Figure P8-11 


FIGURE P$-11 
FIGURE P8-13 


8-13 Figure P8-13 
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8-15 


8-17 


0000, 1111, 1110, 1101, 1010, 1101. The counter ''locks ир’’ in the 1010 and-1101 
states and alternates between them. 
Figure P8-17 


8-27 


FIGURE P8-17 


Invalid states are 000, 010, 101. The counter will lock up and alternate between 010 
and 101 if it gets into any of the invalid states. 

Figure P8-21 (p. B-25) 

Figure P8-23 (p. B-25) 


Figure P8-25 
Qa Qa Qa 
Qs Qs Qs 
Oc Qc Qc 
Qp Qp Qp 
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(a) (b) (c) 

Q4 

Q4 
Ов Qs 
Ос 
Qp Oc 
(MSB) 

(d) Qp 

- (MSB) (e) 

FIGURE Р8-25 


СІК, output 0; CLK,, outputs 2, 0; CLK,, output 4; CLK,, outputs 6, 4, 0; CLK o. 
output 8; CLK,2, outputs 10, 8; CLK,,, output 12; CLK,,, outputs 14, 12, 8. 
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8-29 Figure P8-29 


+Ис 


„| PRESET FAST 


To seconds, minutes, 
and hours counters 


FIGURE P8-29 


8-31 Figure Р8-31 
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CHAPTER 9 


9-1 Shift registers store bin: 
h ary data. 
9-3 Figure P9-3 


9-5 Initially 101001111000 
CLK, 010100111100 
CLK, 001010011110 
CLK, 000101001111 
CLK, 000010100111 
CLK; 100001010011 
CLK, 110000101001 
CLK, 111000010100 
CLK, 011100001010 
CLK, 91110000101 
CLK, 000111000010 
CLK, 100011100001 
CLK,» 110001110000 


9-7 Figure P9-7 


ск 
ра!а їп 


Data out 


FIGURE P9-7 
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9-9 Figure P9-9 


FIGURE P9-9 


9-11 Figure P9-11 


томаты s rnm 
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9-15- Figure P9-15 


CLK INH 


Qu 


FIGURE P9-15 


9-17 Figure P9-17 


01001100 


1ей 

right 
right 
right 


10011000 


01001100 
00100110 
00010011 


9-19 Initially (76) 
CLK, 
CLK, 
CLK, 
CLK, 
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CLK,, 
9-21 Figure P9-21 


00100110 left 
01001100 left 
00100110 — right 
01001100 left 
00100110 right 
01001100 left 
10011000 left 


ABCD AEG D 


9-23 (a) 3 ®) 5 © 7 (d) 8 


(e) 10 (0 
9-25 Figure P9-25 


FIGURE P9-25 


9-27 Figure P9-27 


2 ® 18 


CLK 


В-31 


В-32 
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9-29 1. Replace divide-by-8 counter with divide-by-16. 
2. Add a second eight-bit data-input shift register. 
3. Add a second eight-bit data-output register. 

9-31 To provide a momentary LOW to parallel load the ring counter when power is 
turned on. 

9-33 Ап incorrect code may be produced. 

9-35 Use an eleven-bit shift register that is alternately loaded with opposite eight-bit 
patterns but with the same start and stop bits. 


CHAPTER 10 


10-1 (а) КОМ (b) RAM 

10-3 Address bus provides for transfer of address code to memory for accessing a 
memory location for a read or write operation. 
Data bus provides for transfer of data between the microprocessor and the memory 
or input/output. 
Control bus provides for transfer of control signals between microprocessor, 
memory, and I/O. 


10-5 


10-7 Figure P10-7 
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© س мо‏ بی ооо © ль‏ © 


FIGURE Р10-7 
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10-9 (а) 00010011 (b) 01000110 (с) 01010101 
10-11 Blown links: 1-17, 19-23, 25-31, 34, 37, 38, 40-47, 53, 55, 58, 59, 61, 62, 63, 65, 
67, 69 
10-13 (а) RESET(0) (b) RESET(0) (е) SET (I) 
10-15 64X64 
10-17 Use eight 74189s with six address lines. Two of the address lines are decoded to 
enable the selected memory chips. 
10-19 Eight bits, four bits 
10-21 The replication/detection process. 
10-23 (a) 01001101 (b) 01101001 
10-25 Figure P10-25 
suit on ППП ПАЛ 
20% 
boc c ds РЕ oR RE 
ОЕ 
1 | | 
Bl e Ne IERI 
FIGURE P10-25 
CHAPTER 11 
11-1 The fan-out is not exceeded. 
11-3 2.89 КО 
11-5 2300 
11-7 Figure P11-7 


Data ГЕ [ | 


Enable КТ А | 


Data 
TLI [БЕП 
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| | 
Enable ШГ 
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11 | 
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FIGURE РИ-7 
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11-9 


11-11 
11-13 


11-15 
11-17 


11-19 


Figure P11-9 


FIGURE РИ-9 


(a) 3.23% (b) 0.098% (с) 0.00038% 

000, 001, 100, 101, 101, 100, 100, 011, 001, 001, 100, 110, 111, 111, 111, 111, 111, 
111, 110, 100 í 

0000, 0000, 0000, 1110, 1100, 0111, 0110, 0011, 0010, 1100 


SAR Comment 


1000 Greater than Vj, reset MSB 

0100 Less than V,,,, keep the I 

0110 Equal to Vi, keep the 1 (final state) 
ا‎ L 


(d) The telephone bandwidth is too narrow for digital signals. 


CHAPTER 12 


12-1 


12-3 


(a) 11101110 (b) 10011000 
(c) 11111010 (d) 10001000 
(a) 0110000 (b) 0011101 (c) 00011000 
(d) 1101011 (е) 100111110 
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12-5 (а) 00011 (b) 00011 (c) 11001 
(d) 10001 (e) 11110 (f) 00101 
12-7 11111011000 
12-9 (a) 0100 (b) 0100 (с) 1100 
12-11 (a) 1000 (b) 1001 
(c) 00010010 (d) 00010011 
12-13 (c) and (e) 
12-15 26, 


APPENDIX A 


A-1 MOS normally consumes less power and is slower than bipolar. 

A-3 Standard, Low power(L), Schottky(S), Low power Schottky(LS), Advanced 
Schottky(AS), and Advanced low power Schottky(ALS). 

А-5 Eight 

A-7 ECL is faster than other IC technologies and it has a higher fan-out than TTL. 

A-9 Power consumption of CMOS increases with frequency. 

А-11 To prevent static charge build-up. 


Accumulator A register in a microprocessor in 
which the result of a given operation is stored 
temporarily. 

A/D conversion The process of converting an ana- 
log signal into digital form. 

Addend In addition, the number added to a sec- 
ond number called the augend. 

Adder А digital circuit that performs the addition 
of numbers. 

Address The location of a given storage cell in a 
memory. 

Alphanumeric A system of symbols consisting of 
both numerals and alphabetic characters. 

ALU Arithmetic logic unit, generally а part of the 
central processing unit in computers and micro- 
processors. 

Amplitude In terms of pulse waveforms. the 
height or maximum value of the pulse. 

Analog Being continuous or having a continuous 


range of values, as opposed to a discrete set of 
values. 


C-1 


AND gate А digital logic circuit in which a HIGH 
output occurs if and only if all the inputs are 
HIGH. 

ANSI American National Standards Institute. 

Arithmetic Related to the four operations of add, 
subtract, multiply, and divide. 

Astable Having no stable state. A type of multi- 
vibrator that oscillates between two quasistable 
states. 

Asynchronous Having no fixed time relationship. 


Augend In addition, the number to which the ad- 
dend is added. 


Base One of the three regions in a bipolar tran- 
sistor. Also, the number of symbols in a number 
system. The decimal system has a base of 10 
because there are ten digits. 

BCD Binary coded decimal, a digital code. 

Binary Having two values or states. The binary 
number system has two digits. 


GLOSSARY 


Binary fractional notation A method of binary no- 
tation in which the magnitude of а number is 
represented by the bits to the right of the binary 
point. 

Bipolar Referring to a junction type of semicon- 
ductor device. A pnp or an npn transistor. 

Bistable Having two stable states. A type of multi- 
vibrator commonly known as a flip-flop. 

Bit Binary digit. A Тога 0. 

Boolean algebra А mathematics of logic. 

bps Bits per second. 

Bubble memory А type of memory that uses tiny 
magnetic bubbles to store Is and 0$. 


Byte A group of eight bits 


Cascade А configuration in which one device 
drives another. 

CCD Charge-coupled device. A type of semicon- 
ductor technology. 

Cell A single storage element in a memory. 

Character А symbol, letter, or numeral. 

Circuit A combination of electrical and/or elec- 
tronic components connected together to per- 
form a specified function. 

Clear To reset, as in the case of a flip-flop, coun- 
ter, or register. 

Clock The basic timing signal in a digital system. 

CMOS Complementary metal oxide semiconduc- 
tor. 

Code A combination of binary digits that repre- 
sents information such as numbers, letters, and 
other symbols. 

Code converter An electronic digital circuit that 
converts one type of coded information into an- 
other coded form. 

Collector One of the three regions in a bipolar 
transistor. 

Combinational logic А combination of g 
works, having no storage capability; 
generate а specified function. Sometimes called 
combinatorial logic. 

Comparator A digital device that compares the 
magnitudes of two digital quantities and pro- 
duces an output indicating the relationship of the 


quantities. 


ate net- 
used to 
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Complement In Boolean algebra, the inverse func- 
tion. The complement of a | is a 0, and vice 
versa. 

Computer A digital electronic system that can be 
programmed to perform various tasks, such as 
mathematical computations, at extremely high 
speed, and that can store large amounts of data. 

Counter А digital circuit capable of counting elec- 
tronic events, such as pulses, -by progressing 
through a sequence of binary states. 

CPU Central processing unit, а main component 
in all computers. 


D/A conversion А process whereby information in 
digital form is converted into analog form. 

Data Information in numeric. alphabetic, or other 
form. 

Decade counter А digital counter having ten 
states. 

Decode To determine the meaning of coded infor- 
mation. 

Decoder А digital circuit that converts coded in- 
formation into a familiar form. 

Decrement То decrease the contents of a register 
or counter by one. 

Delay The time interval between the occurrence 
of an event at one point in a circuit and the 
corresponding occurrence of a related event at 
another point. 

DeMorgan's theorems (1) The complement of a 
product of terms is equal to the sum of the 
complements of each term. (2) The complement 
of a sum of terms is equal to the product of the 
complements of each term. 

Dependency notation A notational system for logic 
symbols that specifies input and output rela- 
tionships. 

D flip-flop A type of bistable multivibrator in 
which the output follows the state of the D input. 

Difference The result of a subtraction. 

Digit A symbol representing a given quantity in à 
number system. 

Digital Related to digits or discrete quantities. 

DIP Dual-in-line package. A type of integrated 
circuit package. 

Dividend Ina division operation, the quantity that 
is being divided. 


С-3 GLOSSARY 


Divisor In a division operation, the quantity that is 
divided into the dividend. 

ОМА Direct memory access. 

Don’t care А condition т a logic network in which 
the output is independent of the state of a given 
input. 

Duplex Bidirectional transmission of data along a 
transmission line. 

Dynamic memory A memory having cells that 
tend to lose stored information over a period of 
time and therefore must be "'refreshed." Typ- 
ically, the storage elements are capacitors. 


EAPROM Electrically alterable programmable 
read only memory. 

ECL Enmitter-coupled logic. 

Edge-triggered flip-flop А type of flip-flop in 
which input data are entered and appear on the 
output on the same clock edge. 

EEPROM Electrically erasable programmable 
read only memory. 

Emitter One of the three regions of a bipolar tran- 
sistor. 

Enable To activate or put into ап operational 
mode. 

Encode To convert information into coded form. 

Encoder A digital circuit that converts informa- 
tion into coded form. 

End-around carry The final carry that is added to 
the result in a 1° ог 9's complement addition. 

EPROM Erasable programmable read only mem- 
ory. 

Error correction The process of correcting bit er- 
rors occurring in a digital code. 

Error detection The process of detecting bit errors 
occurring in a digital code. 

Even parity А characteristic of a group of bits 
having an even number of Is. 

Excess-3 А digital code in which each of the deci- 
mal digits is represented by a four-bit code de- 
rived by adding 3 to each of the digits. 

Exclusive-OR А logic function that is true if опе 
but not both of the variables are true. 

Execute The cycle of a CPU in which an instruc- 
tion is carried out. 


Fall time The time interval between the 10% point 
and the 90% point on the negative-going edge of 
a pulse. 

Fan-out The number of equivalent gate inputs that 
a logic gate can drive. 

FET Field-effect transistor. 

FIFO First-in-first-out memory. 

Fixed point А binary point having a fixed location 
in a binary number. 

Flat pack A type of integrated circuit package. 

Flip-flop А bistable device used for storing a bit of 
information: 

Floating point А binary point having a variable 
location in a binary number. 

Floppy disk А magnetic storage device. Typically 
а S'A-inch flexible Mylar disk. 

FPLA Field programmable logic array. 

Frequency The number of pulses in one second 
for a periodic waveform. Expressed in Hertz 
(Hz) or pulses per second (p/s). 

FSK Frequency shift keying, a type of modula- 
tion. 

Full-adder А digital circuit that adds two binary 
digits and an input carry to produce a sum and 
an output carry. 

Full-duplex Simultaneous bidirectional transmis- 
sion of data on a transmission line. 


Gate A logic circuit that performs a specified logic 
operation, such as AND, OR, NAND, NOR, 
and exclusive-OR. 

Generator An energy source for producing elec- 
trical or magnetic signals. 

Glitch A voltage or current spike of short duration 
and usually unwanted. 

Gray code A type of digital code characterized by 
a single bit change from one code word to the 
next. 


Half-adder A digital circuit that adds two bits and 
produces a sum and an output carry. It cannot 
handle input carries. 

Handshaking The method by which two digital 
devices establish communication. 
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Hexadecimal A number system consisting. of 16 
characters. A number system with a base of 16. 

Hold time The time interval required for the con- 
trol levels to remain on the inputs to a flip-flop 
after the triggering edge of the clock in order to 
reliably activate the device. 

Hysteresis A characteristic of a threshold trig- 
gered circuit such as the Schmitt trigger. 


IC . Integrated circuit, a type of circuit in which all 
the components are integrated on a single silicon 
chip of very small size. 

PL Integrated injection logic. 

Increment To increase the contents of a register 
or counter by one. 

Indexing The modification of the address of the 
operand contained in the instruction of a micro- 
processor. 

Index register A register used for indexed ad- 
dressing in a microprocessor. 

Information In a digital system, the data as repre- 
sented in binary form. 

Initialize То put a logic circuit in a beginning 
state, such as to clear a register. 

Input The signal or line going into a circuit. A 
signal that controls the operation of a círcuit. 
Instruction In a microprocessor or computer sys- 
tem, the information that tells the machine what 

to do. One step in a computer program. 

Interrupt The process of stopping the normal ex- 
ecution of a program in a computer in order to 
handle a higher-priority task. 

Inversion Conversion of a HIGH level to а LOW 
level or vice versa. 

Inverter The digital с 
sion. 


ircuit that performs inver- 


J-K flip-flop А type of flip-flop that can operate in 
the set, reset, no-change, and toggle modes. 
Johnson counter A type of digital counter charac- 

terized by a unique sequence of states. 
Junction The boundary between an л region and p 
region in а semiconductor device. 


Kansas City standard A format for recording digi- 


tal data on a magnetic surface. 
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Karnaugh map An arrangement of cells represent- 
ing the combinations of variables in a Boolean 
expression and used for a systematic simplifica- 
tion of the expression, 


LCD Liquid crystal display. 

Leading edge The first edge to occur on a pulse. 

LED  Light-emitting diode. 

Logic In digital electronics, the decision-making 
capability of gate circuits in terms of yes/no or 
on/off type of operation. 

Look-ahead-carry А method of binary addition 
whereby carries from preceding stages are antic- 
ipated, thus avoiding carry. propagation delays. 

Loop А part of a computer program in which the 
machine repeats a segment of the program over 
and over. Also, in magnetic bubble memories, 
the tracks on which the bubbles move. 

LSB Least significant bit. 

LSD Least significant digit. 

LSI Large-scale integration. 


Magnetic bubble A tiny magnetic region in mag- 
netic material created by an external magnetic 
field. 

Magnitude ‘The size or value of a quantity. 

Manchester A format for recording digital data on 
a magnetic surface. 

Master-slave flip-flop А type of flip-flop in which 
the input data are entered into the device on the 
leading edge of the clock and appear on the 
output on the trailing edge. Also called pulse- 
triggered flip-flop. 

Memory address The location of a storage cell in a 
memory array. 

Memory array Ап arrangement of memory cells. 

Memory cell An individual storage element in а 
memory. 

Microprocessor А large-scale integrated. circuit 
that can be programmed to perform arithmetic 
and logic functions and to manipulate data. 

Minuend The number being subtracted from ina 
subtraction operation. 

Modem Modulator/demodulator for interfacing 
digital devices to analog transmission systems, 
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Modified modulus counter A counter that does not 
sequence through all of its "natural" states. 
Modulus The maximum number of states in a 

Counter sequence. 

Monostable Having only one stable state. A multi- 
vibrator characterized by one stable state and 
commonly called а one-shot. 

MOS Metal oxide semiconductor. 

MSI  Medium-scale integration. 

Multiplex To put information from several 
sources onto a single line or transmission path. 

Multiplexer A digital circuit capable of multiplex- 
ing digital data. 

Multiplicand The number being multiplied. 

Multiplier The number used to multiply the multi- 
plicand. 


NAND gate A logic gate that performs an inverted 
AND operation (NOT-AND), 

Natural count The modulus of a counter. 

Negative logic The system of logic in which a 
LOW represents a | and a HIGH represents a 0. 

Nixie tube А vacuum tube used for digital dis- 
plays. 

NMOS  n-channel metal oxide semiconductor. 

Noise immunity. The ability of a circuit to reject 
unwanted signals. 

Noise margin The difference between the max- 
imum low output of a gate and the maximum 
acceptable low level input of an equivalent gate. 
Also, the difference between the minimum high 
output of a gate and the minimum acceptable 
high level input of an equivalent gate. 


NOR gate A logic gate that performs an inverted- 
OR operation (NOT-OR). 


NOT circuit Ап inverter. 


npn Referring to a junction structure of a bipolar 
transistor. 


Numeric Related to numbers. 


Octal A number system having a base of 8 and 
consisting of eight digits. 

Odd parity Referring to a group of binary digits 
having an odd number of Is. 

One-shot А monostable multivibrator. 


Op code Operation code. The part of а micro- 
processor instruction that designates the task to 
be performed. 

Operand А quantity being operated on in a micro- 
processor. 

OR gate A logic gate that produces a HIGH out- 
put when any one or more of its inputs are 
HIGH. 

Oscillator An electronic circuit that switches back 
and forth between two states. The astable multi- 
vibrator is an example. 


Parallel Characteristic of two lines having an 
equal distance between them at ail points. In 
terms of digital data, the characteristic of pro- 
cessing several data bits simultancously. 

Parity Referring to the oddness or evenness of the 
number of 15 in a specified group of bits. 

Period The time required for a periodic waveform 
to repeat Itself. 

Periodic Repeating at fixed intervals. 

PMOS  p-channel metal oxide semiconductor. 

pnp Referring to a junction structure of a bipolar 
transistor. 

Positive logic The system of logic in which a 
HIGH represents a | and a LOW represents а 0. 

p/s Pulses per second. A measure of frequency of 
а pulse waveform. 

Preset To initialize a digital circuit to the SET 
state. 

PRF Pulse repetition frequency. 

Priority encoder ^A digital logic circuit that pro- 
duces a coded output corresponding to the 
highest-valued input. 

Product The result of a multiplication. 

Product-of-sums A form of Boolean expression 
that is the ANDing of ORed terms. 

Program A list of instructions that are arranged in 
a specified order to control the operation of a 
microprocessor system or computer. The pro- 
gram tells the machine what to do on a step-by- 
step basis. 

Program counter А counter in а microprocessor 
that keeps up with the place in the program. И 
acts as а "bookmark" that telis the computer 
the next instruction to be executed. 
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Propagation delay The time interval between the 
occurrence of an input transition and the corre- 
sponding output transition. 

Protocol Procedures required for establishing 
communication. 

Pulse А sudden change from oae level to another, 
followed by a sudden change back to the original 
level. 

Pulse duration The time interval that a pulse re- 
mains at its high level (positive-going pulse) or at 
its low level (negative-going pulse), often mea- 
sured between the 506 points on the leading and 
trailing edges of the pulse. 

Pulse width Pulse duration. 


Quotient The result of à division. 


Race А condition in a logic network in which the 
differences in propagation times through two or 
more signal paths in the network can produce an 
erroneous output. 

Radix The base of a number system. The number 
of digits in a given number system. 

RAM Random access memory. 

Read The process of retrieving information from a 
memory. 

Recirculate The process of retaining information 
in a register as it is shifted out. 

Refresh Тһе process of renewing the contents ofa 
dynamic memory. 

Regenerative Having feedback so that an initiated 
change is automatically continued, such as when 
a multivibrator switches from one state to the 


other. 


Register A digital circuit capable of storing and 


moving (shifting) binary information. Typically 
used as a temporary storage device. 

Reset The state of a flip-flop, register, OF counter 
when 0s are stored. Equivalent to the clear func- 


tion. 

Ring counter A digital circuit made up of 
of flip-flops in which the contents we 
ously recirculated. 

sinusoidal 


a series 
continu- 


oscillation 


Ringing А damped 
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Ripple counter A digital counter in which each 
flip-flop is clocked with the output of the prev: 
ous stage. 

Rise time Ў The time required for the positive-going 
edge of a pulse to go from 10% of its full value to 
90% of its full value. 

ROM Read only memory. 


Semiconductor А material used to construct elec- 
tronic devices such as integrated circuits, tran- 
sistors, and diodes. Silicon is the most common 
semiconductor material. 

Sequential logic A broad category of digital cir- 
cuits whose logic states depend on a specified 
time sequence. 

Serial An in-line arrangement in which one ele- 
ment follows another, such as in a serial shift 
register. Also, the occurrence of events, such as 
pulses, in a time sequence rather than. simul- 
taneously. 

Set The state of a flip-flop when it is in the binary 

1 state. 

Setup time The time interval required for the con- 
trol levels to be on the inputs to a digital circuit, 
such as a flip-flop, prior to the triggering edge of 
the clock pulse. 

Shift To move binary data within a shift register 
or other storage device. 

Shift register А digital circuit capable of storing 
and shifting binary data. 

Silicon А semiconductor material. 

Simplex A mode of datà transmission whereby the 
data can be sent in only one direction. 

S-R flip-flop А set-reset flip-flop 

SSI Small-scale integration. 

Stage One storage element in а register ог coun 
ter. 

State machine Any sequent 
specified sequence of states. 

Static memory А memory composed of storage 
elements such as flip-flops or magnetic cores 
that are capable of retaining information indefi 


nitely. 


Storage The memory capabiit 
The process of retaining digit 


jal circuit exhibiting а 


bility of a digital device 
al data for iater 


use. 
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Strobe A pulse used to sample the occurrence of 
ап event at a specified point in time in relation to 
the event. 

Subroutine A Шоргат that is normally used to 
perform specialized or repetitive operations dur- 
ing the course of a main program. А sub- 
program. | 

Subtractor One of the operands in a subtraction. 

Subtrahend The other operand in a subtraction. 

Sum The result of an addition. 

Sum-of-products A form of Boolean expression 
that is the ORing of ANDed terms. 

Synchronous Having a fixed time relationship. 


Terminal count The final state of a counter se- 
quence, 

Three-state logic A type of logic circuit having the 
normal two-state (HIGH, LOW) output and. in 
addition, an open (high impedance) state in 
which it is disconnected from its load. 

Toggle The action of a flip-flop when it changes 
back and forth between its two states on each 
clock pulse. 

Trailing edge The second transition of a pulse. 

Transistor A semiconductor device exhibiting 
current gain or voltage gain. When used as a 
switching device, it can approximate an open or 
à closed switch. 

Transition A change from one level to another. 


Transmission line A cable or other physical me- 
dium over which data are sent from one point to 
another. 

Trigger А pulse used to initiate а change in the 
state of a logic circuit. 

TTL Transistor-transistor logic. 


Unit load Опе gate input represents a unit load to 
à gate output within the same logic family. 

Up-count A counter sequence in which each bi- 
nary state has a successively higher valuc. 

UV EPROM Ultraviolet erasable programmable 
read only memory. 


Variable modulus counter A counter in which the 
maximum number of states can be changed. 
Volatility The characteristic of a memory 
whereby it loses stored information if power is 

removed, 


Weight The value of a digit in а number based on 
its position in the number. 

Weighted code А digital code that utilizes 
weighted numbers as the. individual code words. 

Wired-AND An arrangement of.logic circuits in 
which the gate outputs are physically connected 
to form an "implied" AND function. 

Word A group of bits representing a complete 
piece of digital information. 

Write The process of storing information in a 
memory. 
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Astable multivibrator, 328-31 


Access time, 479 

Accumulator, 600 Asynchronous, 293, 302, 350 

ac noise margin, 98 Asynchronous counter, 350-59 
Auto parking control, 392-94 


Acoustical coupling, 566 


A/D conversion, 549-62 
Backplane, 232 


Adder, 7, 200-213 
Addition, 7, 200-213, 582 Bandpass filter, 565 
Address, 464 BCD (binary-coded decimal), 54-58 
Address buffer, 468 adder, 599 
Address bus, 15, 466, 478 addition, 56, 598 
Adjacent cells, 142 counter, 354, 363 
Alphanumeric codes, 62-64 decoder, 227-35 
ALU, 580, 593-95 BCD-to-seven-segment decoder, 228-35 
Amplitude, 3 Bidirectional counter, 368-72 
Analog, 541--44 Bidirectional shift register, 428-31 
AND gate, 5, 78-82, 103, 127 Binary 
AND dependency, 250, 398 addition, 36, 582-85 
AND-OR, 158-60, 249 counter, 351-54, 357, 361, 363, 365 
AND-OR-INVERT, 160-61 decoder, 221-27 
Annihilator, 503 digit, 32 
Applications, 110-12, 240, 254-58, 266-68, 289, division, 38, 591-9? 

319-23, 390-96, 436-45, 513 fraction, 34 
Architecture, 14, 475, 503 multiplication, 37, 586-91 
Array, 472 number, 32-35 

-64 point, 

MOIS. subtraction, 37, 585-86 


Associative law, 130 
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Biphase, 506 

Bipolar, 465 

Bistable multivibrator, 286-323 

Bit, 32 

Boole, George. 5, 124 

Boolean algebra, 5, 126-42 
addition, 126 
assoeiative laws, 130 
commutative laws, 130 
distributive laws, 131 
multiplication, 126 
rules, 131-35 
simplification, 140-42 

Borrow, 37 

Breadboard, 331 

Buffer, 479 

Bus, 15, 478, 536-41 

Byte, 464, 467, 491, 509, 580 


CAD/CAM, 74 

Carry, 200, 203 

Carry generate, 210 

Carry propagate, 211 

Cascade, 381 

CCD (charge-couple device), 513 

Cell, 142 

Checksum, 508 

Chip, 12 

Chip carrier package, 13 

Chip select, 477, 479 

Clear, 302 

Clock, 293 

CMOS, 101, 106, 530-32, 610, 613. 615 

Combinational logic, 158-87 

Commutative laws, 130 

Comparators, 7, 214-20 

Condition code register, 602 

Contact bounce, 289 

Control bus. 15, 478 

Control dependency, 398 

Controller. 540 

Conversion 
A/D, 549-62 
BCD-to-binary, 242-44, 480 
BCD-to-decimal, 227 
binary-to-BCD, 480 
binary-to-decimal, 34-35 
binary-to-gray, 59, 245 


binary-to-hexadecimal, 49 
binary-to-octal, 48 
D/A, 544-49 
decimal-to-BCD, 236 
decimal-to-binary, 42-45 
decimal-to-hexadecimal, 51 
decimal-to-octal, 46 
gray-to-binary, 60, 245 
hexadecimal-to-binary, 49 
hexadecimal-to-decimal, 50 
octal-to-binary, 47 
octal-to-decimal, 45 
Count-down chains, 383 
Counter, 9, 322-23, 349-98 
Counter decoding, 386-90 
CPU (central processing unit), 14 
Current loop, 568 
Current sinking, 99, 532 
Current tracer, 19 
Cyclic redundancy check (CRC), 510 


Data, 14 

Data bus, 15, 466, 478 

Data lock-out flip-flop, 314-15 

Data register, 468 

Data selector, 247-58 

Data sheet, 108-10 

Data transfer, 320 

Data transmission, 266-68, 562-66, 570 

de noise margin, 96 

Decade counter, 354-55, 363, 366 

Decimal numbers, 28 

Decoder, 9, 221-35 
BCD-to-decimal, 227 
BCD-to-seven segment, 228 
binary, 221 
4 line-to-16 line, 222-27 

Delay time, 94, 315 

DeMorgan's theorems, 135-37 

Demultiplexers, 11, 258-60 

Dependency notation, 396, 450 

D flip-flop, 298-99. 308-9 

Digital, 2, 541-44 

Digital clock, 390-92 

Digital codes, 58 

DIP (dual in-line package), 12, 102 

Disk, 505 

Distributive law, 131 
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Dividend, 591 

Division, 8, 591-92 

Divisor, 591 

D latch, 291 

Don't care condition, 374 

Driver, 99 

Dual-slope A/D converter, 555-56 
Duty cycle. 4 

Dynamic input indicator, 293 
Dynamic memory, 466, 491-96 


EAPROM, 465 

EBCDIC, 64-65 

Edge-triggered flip-flop, 293-305 

EEPROM, 465, 484 

8421 code, 54-55 

Electrostatic discharge, 106 

Emitter-coupled logic (ECL), 620-22 
‚ Encoder, 8, 236-41 

Encoding, 236 

End-around carry, 30, 39 

EPROM, 465, 484-86 

Error correction, 653-58 

Error detection, 261-62, 652 

Even parity, 261 

Excess-3 code, 60-62 

Exclusive-NOR, 163 

Exclusive-OR, 161-62 


Falling edge. 2 

Fall time, 2 

Fan out, 99-100 
Feedback, 286, 432 

FIFO, 510-13 

Flat pack, 12 

Flip-flop. 6, 293-323 
Floppy disk, 508 

FPLA, 510 

Frequency, 4. 317 
Frequency division, 10, 321 
Frequency shift keying (FSK). 563 
Full-adder, 201-3 
Full-duplex, 563, 565 
Fusible link, 483 


Garnet, 500 
Gated latch, 290 
Generator, 504 


GPIB, 539-41 
Glitch, 388. 518 
Gray code, 58-60 


Half-adder, 200 

Hamming code, 653 

Handshaking, 540, 564 

Hertz, 3 

Hexadecimal addition, 52 
Hexadecimal numbers, 16, 48-54, 469 
Hexadecimal subtraction, 53 

Hex inverter, 103 

Hold time, 316 


IEEE-488 bus, 539-41 
Index register, 602 
Input/output (1/0), 466 
Instruction, 600-602 
Integrated circuits, 11, 100-108 
555 timer, 329 
7400 Quad 2-input NAND gates, 101, 104 
74AS00 Quad 2-input NAND gates, 632-33 
74HC00 CMOS quad 2-input NAND gates, 
630-31 
7402 Quad 2-input NOR gates, 107 
7404 Hex inverters, 103 
7408 Quad 2-input AND gates, 103 
7410 Triple 3-input NAND gates, 105 
74M Triple 3-input AND gates, 104 
7420 Dual 4-input NAND gates, 105 
7421 Dual 4-input AND gates, 104 
7427 Triple 3-input NOR gates, 107 
7430 Single 8-input NAND gate, 105 
7432 Quad 2-input OR gates, 106 
7442A BCD-to-7 segment decoder, 227 
7449 BCD-to-7 segment dec/driver, 254 
7451 AND-OR-INV, 161 
74H52 AND-OR, 159 
74L71 Master-slave S-R flip-flop, 311, 318 
7474 Dual edge-triggered D flip-flop, 303, 318 
74AS74 Dual edge-triggered D flip-flop, 634-35 
7475 4-bit latch, 292 
74LS76A Dual edge-triggered J-K flip-flop, 
304-5 
7482 2-bit binary adder, 206 
7483A 4-bit parallel binary adder, 208 
7485 4-bit magnitude comparator, 218 
7486 Quad exclusive-OR gates, 162 
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Integrated circuits, cont. 
7491A 8-bit serial shift register, 418-19, 437 
7493A 4-bit asynchronous binary counter, 357 
74107 Dual Master-slave J-K flip-flop, 312-13, 
318 
74111 Dual data lock-out J-K flip-flop, 314, 318 
74122 One shot, 326 
74123 One shot, 327 
74133 Single 13-input NAND gate, 105 
74138 3-line to 8-line dec/demux, 267 
74AS 138 3-iine to 8-line dec/demux, 639-41 
74139 Dual 2-line to 4-line dec/demux, 254 
74147 Decimal-to-BCD priority encoder, 240, 
444 
74150 16-input data selector/multiplexer, 252 
74151 8-input data selector/multiplexer, 251, 
267 
74А$151 8-input data selector/multiplexer, 
636-37 
74154 4 line-to-16 line decoder, 224, 259 
74157 Quad 2-input data selector/multiplexer, 
249, 254 
74LS160A Synchronous decade counter, 366 
74LS163A 4-bit synchronous binary counter, 
365 
74164 8-bit parallel out serial shift register, 420 
74165 8-bit parallel load shift register, 424 
74180 9-bit parity generator/checker, 266, 267 
74190 Up/down decade counter, 370 
74ALS190 Up/down decade counter, 642-47 
74194 4-bit bidirectional universal shift register, 
430 
74195 4-bit parallel-access shift register, 426, 
439 
74199 8-bit bidirectional universal shift register, 
444 
TMS4016 2048-word by 8-bit static MOS RAM, 
648-51 
Integrated injection logic (I2L), 622-24 
Interface, 529-71 
Inverter, 5, 76-78, 103 


JK flip-flop, 299-302, 309-11, 314 
Johnson counter, 432-34 
Joules, 102 


Kansas City standard, 506, 507 
Karnaugh map, 142-48, 165, 174, 375 


Ladder, 546 

Latch 286-92 

LCD, 232 

Leading edge, 2 

LED, 229, 534 

Listener, 540 

Loading, 98-100, 422 

Logic, 5-6 

Logic analyzer, 16, 446, 514-18 
Logic clip, 20 

Logic function generator, 255-58 
Logic probe, 18 

Logic pulser, 19 

Look-ahead carry, 210-13 

LSB, 34 

LSI (Large Scale Integration), 13 
LTP, 569 


Magnetic bubble memory (MBM), 500-505 
Magnetic film, 500 

Magnetic flux, 506 

Major loop, 503 

Manchester, 506, 507 

Mask, 465, 471 

Master-slave flip-flop, 305-13 
Mealy circuit, 380 

Memory, 412, 464-518 

Memory cell, 464, 472, 487 
Memory cycle, 489, 503-4 
Memory expansion, 497-500 
Metal link, 483 

Microcomputer, 15 
Microprocessor, 14, 466, 600-605 
Minor loop, 503 

Minuend, 30, 565 

Mode dependency, 398 

Modem, 562-66 

Modulus, 348, 354 

Monolithic, 12 

Monostable multivibrator, 324-28 
Monotonicity, 549 | 

Moore circuit, 380 

MOSFET, 472, 610 

MOS memory, 465 

MSI (Medium Scale Integration), 13 
Multilevel logic, 176 

Multiplexer, 10, 247-58, 492 
Multiplicand, 586 
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Multiplication, 8, 586-91 
Multiplier, 586 
Multivibrator, 284 


NAND gate, 86-90, 128 
Negation indicator, 7 
Negative-AND, 92, 179 
Negative logic, 2 
Negative-OR, 88, 177 
9's complement, 29-30 
NMOS, 484, 627 

Node, 184 

Noise immunity, 96-98 
Noise margin, 96-98 
Nondestructive read, 469, 486, 504 
Nonperiodic, 3 
Nonvolatile memory, 464 
NOR gate, 90-93, 129 
NOT circuit, 127 

NRZ, 506 


Octal numbers, 45-48 

Odd parity, 261 

175 complement, 39-40, 580 
One shot, 324-28 

Op-amp, 545 

Op code, 602 

Open, 112, 185 

Open collector, 534 
Operand, 594 

OR gate, 6, 82-85, 128 
Oscilloscope, 16, 113, 269- 
Overflow, 583, 602 
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Parallel adder, 204-9 

Parallel data, 319 
Parallel-to-serial conversion, 39 
Parity, 260-62 
Partial decoding, 356 
Period, 3 

Periodic, 3 

PLA, 510 

PMOS, 626 

Polarity indicator, 76 
Positive logic, 2 
Postponed output symbol, 306 
Power dissipation, 95, 317 
Powers-of-two, 30, 661 
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Preset, 302 

Priority encoder, 237-40 
Product, 38 
Product-of-sums, 139 
Program, 15, 483 

Program counter, 468, 600 
PROM, 465, 482-84 


Propagation delay time, 94, 315 


Pulse, 2 


Pulse-triggered flip-flop, 305-13 


Pulse width, 3, 317 
Quotient, 591 


Race, 321 
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RAM (Random Access Memory), 15, 465, 486-500 


Read, 464, 468 

Read head, 506 

Recycle, 323, 351 ( 
Refresh, 491, 494 
Register, 10, 320, 411-51 
Remainder, 591 
Replication, 503-4 
Reset, 288 

Resolution, 547 


Ring counter, 434-36, 438, 443 


Ripple blanking, 233 
Ripple-carry adder, 204-9 
Ripple counter, 352 

Rise time, 2 

Rising edge, 2 


ROM (Read Only Memory), 15, 464, 470-81 


RS-232C, 566-67 
RS-366, 569 
RS-422A, 568 
RS-423A, 568 
RZ, 506 


Sampling, 550 
Schottky, 100-101 
Schmitt trigger, 569-71 
Self-complementing, 61 
Sense amplifier, 495 
Serial data, 394, 438 
Serial-to-parallel conversion, 
Set, 287 

Set-up time, 316 
Seven-segment display, 
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Shift register, 412-52 

Shift register counter, 431-36 

Short, 186-87 

Shorted junction, 483 

Sign and magnitude, 580 

Signature analyzer, 17, 447-50 

Sign bit, 580 

Signed binary numbers, 580-82 
Silicon link, 483 

Simultaneous A/D conversion, 549-51 
Single-slope A/D conversion, 554-55 
SR flip-flop, 294-98, 306-8 

SSI (Small Scale Integration), 12 
Stack pointer, 602 

Stage, 348 

Stair-step ramp A/D conversion, 551-53 
State diagram, 373 

State machine, 372 

Static memory, 465, 486-91 

Storage, 10, 267, 319, 412 

Strobe, 388 

Subtraction, 8, 30, 31, 37, 39, 41, 585-86 
Subtrahend, 30, 585 

Successive approximation, 556-59 
Sum, 200, 201 

Sum-of-products, 138 

Synchronous, 293, 359 

Synchronous counter, 359-72 


Talker, 540 

Tape, 505 

10's complement, 30-31 
Three-state logic, 477-79 
Threshold, 569 

Timer, 329-31 

Timing diagram, 320, 351 


Toggle, 300 

Totem-pole, 533 

Track, 509 

Tracking A/D conversion, 553-54 

Trailing edge, 2 

TTL (Transistor-Transistor Logic), 99-106, 
530-36, 609, 612, 614-20, 622 

Transmission line, 267 

Transceiver, 537-39 

Troubleshooting, 15-20, 112-14, 184-87, 268-72, 
331-34, 445-50, 514-18 

Truncated sequence, 354, 384 

Truth table, 77, 79, 83, 87, 91, 146 

2's complement, 40-41, 381 

Two-phase clock, 332 


UART, 442 
Unidirectional bus, 536 
Unit load, 99 

Universal gate, 175, 178 
Unused inputs, 106 
Up-down counter, 368-72 
UTP, 569 

UV EPROM, 484 


Variables, 126 
VLSI, 13 
Volatile memory, 487 


Weight, 28, 32, 42, 54 
Wired-AND, 535 
Word, 467 

Write, 464, 469 
Write head, 506 


Zero suppression, 233-35 
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